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ABSTRACT

Rasul, Golam. M.Sc., The University of Manitoba, June, 2007. Characterizing germplasm

and mapping QTLs for pre-harvest sprouting resistance in spring wheat (Triticunt

aestivum L.). Major Professors; Gavin Humphreys and Anita Brûlé-Babel.

Pre-harvest sprouting (PHS) in cereals can result in downgrading the value of grain and

can reduce the end-use quality characteristics of spring wheat (Triticum aestivum L.).

Reductions in test weight, milling yield, flour absorption, dough strength, loaf volume,

crumb and crust structure, and noodle quality are often observed as a result of PHS. An

aveïage annual loss in spring wheat crop value of $100 million has been reported due to

downgrading caused by PHS in Western Canada. Phenotypic selection for PHS resistance

is difficult due to the strong influence by the environment and genotype x environment

interactions. Identification of DNA markers linked to PHS resistance would facilitate

marker-assisted selection in high-throughput breeding progtams. Characferization of

germplasm for PHS resistance would help breeders to choose crossing parents in order to

develop new cultivars with high levels of PHS resistance. A diverse collection of 30 red-

and white-grained spring wheat germplasm from various countries was evaluated for

their response to three PHS tests, falling number (FN), germination index (GI) and

sprouting index (SI), in two different hemispheres (Manitoba, Canada and Christchurch,

New Zealand). White-grained genotypes, 'SC8019-R1', 'SC8021-V2' and 'White

RL4I37', and red-grained genotypes, 'AC Domain', 'AC Majestic' and 'Red RL4I37'

from Canadian sources had very high level of PHS resistance in both hemispheres and

should be useful sources of PHS resistance to develop cultivars across 
'Western Canada

and Southeast New Zealand. One hundred eighty-five doubled haploid lines from the

spring wheat cross 'RL44521AC Domain' were also evaluated for three PHS tests in
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'Western Canada, and a microsatellite based genetic linkage map was used to detect

quantitative trait loci (QTLs) linked with PHS parameters. Six major QTLs linked with

three PHS traits were mapped to bread wheat chromosomes 3A, 4A (locus-Z) and 4B

where PHS resistance was contributed by 'AC Domain', and on chromosomes 3D, 4A

(locus-l) and lD where resistance was contributed by 'P*L4452' alleles. QTLs detected

on chromosome 48 (QFN.crc-4Ù, QGI.crc-4B and QSI.uc-4B) accounted for the largest

proportion of phenotypic variation in FN (22%), GI (67%) and SI (26%), respectively,

andwmc349 was the nearest microsatellite marker to 4B locus.

Keywords: spring wheat, pre-harvest sprouting, dormancy, germplasm, genotypes, falling

number, sprouting index, germination index, quantitative trait loci.
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l.O INTRODUCTION

Over ten million hectares of wheat were planted in Canada in2006 including 8.2 million

hectares of spring wheat, 1.8 million hectales of durum wheat and 0.7 million hectares of

winter wheat (Statistics Canada,2006). In 2006, the total wheat production in Canada

was 27.3 million metric tonnes worth approximately $4.5 billion in farm gate value.

westem Canada is the major wheat production area in Canada and accounts for 24.4

million metric tonnes of production. According to the Field Crop Reporting Series of

Statistics Canada (2006), spring wheat occupies 74Yo of the total wheat production area in

Canada and 80% of that is in western Canada. Spring wheat harvest in some parls of

western Canada is often delayed by persistent rains and wet conditions during late August

and September. Precipitation in April and May can also delay planting during the spring.

Consequently, harvest may be delayed to late Septernber and October which exposes the

crop to cooler weather and frost events. The quality of the spring wheat can be reduced

by cool, wet conditions during the har-vest season. One of the main quality concerns for

spring wheat production in western Canada is downgrading due to weathering and pre-

harvest sprouting (CWB, 2002).

In Canada, major downgrading of the spring wheat crop due to pre-harvest sprouting

(PHS) occurred in four out of ten years from 1978 to i988, and lead to estimated losses

of $100 million in each of those years (Clarke et al., 2005). Similar losses were reporled

in 2000, 2002 and 2005 (CV/B and CGC, 2006). Pre-harvest sprouting and weathering

impact grain producers and processors by reducing yield, test weight and causing

undesirable chemical changes that can decrease grain quality. Therefore, pre-harvest
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sprouting resistance in spring wheat has a grade protection value of over $ 100 million per

year in Canada.

Pre-harvest sprouting restricts the consistent production of high quality wheat in many

regions of the world. Inadequate seed dormancy can contribute to PHS of wheat. The

level of grain dormancy is the major component of genetic variation in resistance to PHS

(Mares 1987, Mares and Mrva, 2001). Introduction of better grain dormancy at, or near,

harvest ripeness would be expected to have a signif,rcant impact on the incidence and

severity of PHS. Therefore, one of the important wheat breeding objectives is to improve

PHS resistance, and to develop reliable screening methods for PHS resistance

(Humphreys and Noll, 2002).

New biotechnological tools, such as doubled haploid (DH) production and molecular

marker technology can make wheat breeding more efficient and effective (Snape, 1982;

Tanksley et al., 1989). Doubled haploid production allows researchers to develop true

breeding lines for field testing in just one generation rather than the roughly eight to ten

needed with traditional breeding methods. This technique can reduce the timeline for

cultivar development by up to three years. Molecular markers allow breeders to evaluate

traits in the lab, rather than in time consuming and costly field trials. Pre-harvest

sprouting resistance is a complexly inherited trait that is highly influenced by the

environment (Hagemann and Ciha, 1987; Anderson et a1.,1993). Molecular markers may

be useful tools to select for PHS resistance because they are not affected by the

environment.
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Canada is recognized as an important source of high quality, high protein, red wheat for

importing countries (Briggle and Curtis, 1987). Recently registered cultivars of Canada

Western Hard White wheat are being evaluated for their suitability in the world wheat

market. Hard white wheats provide a new market class of Canadian wheat for export and

offer new market opportunities.

Nilsson-Ehle (1914) reported an association between grain coat colour and PHS

resistance. Red kernelled genotypes are generally more resistant to PHS than the white

kernelled genotypes (McCaig and DePauw, 7992). Neverlheless, some white-seeded

genotypes have comparatively high levels of PHS resistance (McCaig and DePauw,

1992; 'Wu and Carver, 1999). There are white wheat cultivars in the Canada Prairie

Spring White class, such as AC Vista and AC 2000 with PHS resistance as good as some

red-seeded wheat. Alternative mechanisms of seed dormancy not associated with the

colour genes have been found, such as, the sensitivity of the caryopsis to gibberellins, the

level of endogenous gibberellins, and the sensitivity of the starch to hydrolytic enzymes

(Derera, 1982; DePauw and McCaig, 1983). Germination inhibitors have been detected in

bracts surrounding dormant cereal seeds (Gatford et al., 2002).

Pre-harvest sprouting can negatively affect end-use quality including reduction in test

weight, low milling flour yield, low water adsorption, reduced dough strength, compact

loaf volume, poor crumb and crust structure (Derera, 1989; Kruger, 1989; Henry, 1989),

and inferior noodle quality (Nagao, 1995). A small amount of sprouted kernels can

contaminate a iarge volume of wheat because the milling process does not usually
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differentiate between sound and sprout-damaged wheat. It has been suggested that

research should be done to more effectively identiff sprouted kernels, to minimize the

effect of sprouting on end-product quality, and also to establish the maximum level of

sprouting allowable before end-product quality is affected.

Pre-harvest sprouting is closely related to the degree of dormancy. Matured grain will

sprout when wetted as long as there is no dormancy (Black et al., 1987). When the

temperature is low, sprouting takes place even in grains with primary dormancy.

Drought during grain filling increases grain dormancy but drought with low temperature

reverses the process in grain dormancy (Biddulph et aL,2005). Thus, a dormant genotype

grown in a cool wet environment and a non-dormant genotype grown in hot dry

environment both can have the same phenotype for grain dormancy. Biddulph et al.

(2005) also suggested that breeders need to avoid drought conditions and to avoid

maturity by drought interactions when screening for sprouting resistance in order to get

maximum genetic variability in grain dormancy. Therefore, perfect weather conditions to

screen for PHS resistance are not predictable in wheat growing regions making field

screening difficult for wheat breeding programs.

Reduction of PHS is not likely through agronomic practices (Kettlewell, 1993). It is

generally accepted that the long-term solution to reduce PHS is to develop cultivars

which are able to tolerate or resist the damaging effects of rain during the period between

crop maturity and the completion of harvest. With markers tightly linked to PHS

resistance genes, desired genotypes can be identified and selected faster compared to
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multiple field evaluations over years and locations. Marker-assisted selection is believed

to be more efficient compared to traditional phenotype-based selection methods (Lande

and Thompson, 1990), particularly in the search for a genetic response to sprout damage

in wheat.

With the advent of molecular genetics, molecular techniques based on different types of

markers are being used extensively in various breeding programs throughout the world in

order to identify QTLs associated with PHS resistance in barley (Oberthur et al., 1995;

Han et aL,1996; Prada et a1.,2004; Li et a1.,2004), rice (Lin et al., 1998; Bailey et al.,

1999; Dong et al., 2003; Guo et a1.,2004; 'Wan et a1.,2006) and wheat (Anderson et al.,

1993; Bailey et al., 1999; Roy et a1.,1999; Zanetti et a1.,2000; Kato et a1.,2007; Mares

and Mrva, 2001; Groos et al., 2002; Wilkinson et al., 2002; Osa et aL,2003; Mori et a1.,

2005; Kulwal et a1.,2005; Mares et a1.,2005). A number of PHS resistance sources have

been identified in hexaploid wheat (Paterson et aI.,1989; Anderson et aL,1993; Wu and

Carver, 1999; Mares et al., 2002), but evaluation of PHS resistance of spring wheat

germplasm in different continental environments and identification of QTL associated

with PHS resistance in Canada Western Red Spring wheat have not been conducted.

1.1 Objectives

The objectives of the first study were: 1) to characterize spring wheat genotypes collected

from various sources for PHS response including falling number of milled flour,

germination index of threshed seeds and sprouting index of intact spikes, 2) to

differentiate their PHS response in two hemispheric environments, 3) to evaluate
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potential relationships between agronomic traits and PHS traits, and 4) to investigate the

effect of the seed coat colour on PHS. The objective of the second study was to detect

QTLs for each PHS trait, including falling number, germination index and sprouting

index, using a microsatellite-based genetic map in a DH population of spring wheat cross

'RL4452'l'AC Domain'.



2.0 LITERATURE REVIEW

2.1 Pre-harvest sprouting

Rain and high humidity prior to harvest can lead to germination of mature wheat kernels

while plants are standing, lodged or in swaths in the f,reld. Germination begins when

mature kemels absorb water, and generate enzymes that break down stored starch and

protein in the endosperm. The kernels are considered to be sprout-damaged, when there

are signs of growth such as swollen, exposed germs and the appearance of root and shoot

tips. If the roots and shoots growpastthe edges of the germ area, the kernels are severely

sprout-damaged (CWB, 2002).

Pre-harvest sprouting (PHS) can occur in immature to mature grains under the right

environmental conditions. Sprouting might take place from 2-3 weeks after fertilization

until harvest when moisture content is still quite high. Mitchell et al. (1980) observed

high sprouting levels in the dough stage when grains were about 45Yo water content.

Sprouting may be classed as visible or non-visible. Visible sprouting includes grains in

which some rootlet and coleoptile growth occurs. Nonvisible sprouting has no radicle or

rootlet growth. Visible sprouting can usually be observed through emergence of the

rootlet or coleoptile from the testa/pericarp but in some circumstances the tissues may

extend underneath the testa/pericarp and be difficult to observe. Also, coleoptile

elongation in nonvisible sprouting may fail to emerge from beneath the testa/pericarp and

may extend underneath these enclosing tissues instead. Therefore, only close inspection

can reveal that the grains have sprouted when it is not immediately apparent (Mitchell et

al., 1980).
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Germination is defined as starting with imbibition (water uptake) by the seed and ending

with the start of elongation by the embryonic axis (Bewley and Black, 1994). The cell

walls of the embryos in mature dry seeds expand and straighten as they absorb water

regardless of whether they are dormant or non-dormant, and viable or non-viable

(Bewley and Black, 1994). The radicle can expand and penetrate the surrounding tissues

during germination solely by embryo cell expansion. Cell division is not necessary for

radicle expansion. The extension of the radicle takes place in two phases: a slow phase as

the root penetrates the testa, and a rapid phase as the number of cells in the apical region

of the radicle increases (Rogan and Simon, 1975).

Skenit and Heywood (2000) found that sprout damage varied considerably within and

among wheat fields. When environmental conditions are appropriate for PHS, the extent

of sprout damage depends primarily on the level of the cultivar's susceptibility. V/hen

grain development and maturation occur under warm and dry conditions, wheat is less

likely to suffer from PHS. In contrast, cool and wet conditions often lead to PHS. Since

weather conditions vary from year to year, crops in some years may escape sprouting

damage, wheteas, in other years crops may be severely affected (Bewley and Black,

ree4).

2.2 W eathering and pre-harvest sprouting

Environmental conditions that may cause physiological and biochemical changes to

kernels of cereal crops can include rainfall, temperature, humidity and daylength with

light quality. Rainfall just before or during harvest can induce germination in
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physiologically mature kernels by breaking primary dormancy. Low temperature (S130C)

during seed maturation can also break grain dormancy and can trigger seed germination

prior to harvest (Bewley and Black, 1982). Grain subjected to high temperatures (25-

300C) during seed development is highly susceptible to sprouting under either cool wet or

warm wet conditions at maturity. Long periods of red light (wavelength 660 nm) in cool,

wet weather can promote germination of wheat grain before harvest (Mohr and Appuhn,

1963). Red light converts the form of light absorbing pigments (phytochrome) from Pr to

Pfr, and the long phase of Pfr form induces dormancy breakage leading to sprouting.

While the crop is lying in swathes and lying on damp soil, the grain can imbibe water

which may lead to pre-harvest sprouting. However, slow and long lasting rain followed

by low temperature can be more detrimental than a fast shower followed by sunny

periods (Derera, i989).

2.3 Pre-harvest sprouting resistance and seed dormancy

Dormancy is a mechanism that allows the grain to remain resting until conditions are

favourable for germination (Himi et al., 2002). Seed dormancy in cereals is generally

defined as the inability of a normal and viable embryo to germinate under favourable

environmental conditions (Han et a1', 1996). Pre-harvest sprouting resistance, on the

other hand, can be seen as the inability of the mature seed to undergo in spike

germination under favourable conditions. The introgression of grain dormancy can

improve the resistance to PHS in bread wheat and can reduce the severity of damage

caused by adverse weather at harvest (Mares et a1.,2005).
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2.4 Pre-harwest sprouting effect on wheat

2.4.1 Sprouting effect on grain

Sprouting causes economic losses by reducing both yield and quality of the wheat grain.

Sprouted kernels can result in reduced grain yield (Belderok, 1968) and reduced test

weight (Czarnecki and Evans, 1986). Yield losses occur through shattering of kernels

from the spike and also during threshing when lighter kernels are blown away. More than

10o/oyield loss has been reported (Belderok, 1968). Test weight loss affecting density and

packing efficiency is due to a reduction in the ratio of weight per volume of the sprouted

kernels. Not only yield loss, but also loss of crop value is often associated with sprouting

due to downgrading of the grain. The value lost depends on the degree of sprouting. In

western Canada, grain can be downgraded to feed wheat class, which results in a price

penalty for farmers (Derera, 1980). Sprout damage has also been corurected to reduced

seed viability, reduced germination, and lost seedling vigor (Entz, 1991). In particular,

sprouted seeds appear to reduced germination after storage compared with sound seeds

(Stahl and Steiner, 1998).

2.4.2 Sprouting effect on flour

Lower flour yield and higher flour ash are typical for sprouted grain with reduced test

weight compared to sound grain with high test weight (Derara, 1989). A number of

changes in the rheological properties of sprouted flour have been reported (Finney et al.,

1981; Ciacco and D'Appolonia 1982; Kulp et al., 1983; Lorcnz et al., 1983; Lukow and

Bushuk, I984a and 1984b). There is a decrease in falling number or amylographvalues
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of wheat flour from sprout-damaged grain due to high levels of hydrol¡ic enzyme

activity. Farinograph parameters such as absorption, dough development time and

stability decrease, and mixing tolerance index increases with increasing level of

sprouting. On a mixograph, there is a reduction in time to maximum height with flour

from weathered grain. Reduced extensibility and reduced maximum resistance occur in

extensigraphs of dough from sprouted grain. Sedimentation test value also decreases. The

quality parameters listed indicate that flour from weathered grain results in weakened

dough strength properties that will result in deterioration of end products (Buchanan and

Nicholas, 1980).

2.4.3 Sprouting effect on end-use products

2.4.3.1Bread products

In the case of bread wheat, sprout damage reduces flour yield and bread quality, which

can be manifested as sticky crumb and collapsed loaves (Derera, 1980). Sprouted wheat

flour loses its thickening power and some products can not be made when flours from

sprouted wheat are used. Bread baked from sprouted wheat will have a smaller volume

and a compact interior (Mansour, 1993). Loaves with sticky crumb and darkly pigmented

crusts are caused by caramelization of the sugars (Bewley and Black, 1994). The sticky

texture of bread produced from sprouted grain interferes with automated bread slicing

technology in the mass-production line (Ringlund and Mosleth, 1990). High

concentrations of amylose and dextrin are responsible for the stickiness in the crumb

causing slicing problem. Breakdown of damaged starch reduces water adsorption and

requires more flour for dough development (Kulp et a1., 1983).
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For different flat breads and hearth breads, decreased water adsorption and added dusting

could be a processing problem by using sprouted wheat grain (Orth and Moss, 1987).

Appearance, texture and colour may be affected by weathered flour. Pan breads are more

sensitive to the high levels of amylases in sprouted grain than chapattis and flat breads

(Orth and Moss, 1987).

2.4.3.2 Noodle products

Noodles made with sprouted grain have wet sticky dough and droop when noodles are

hung to dry. Even low levels of sprouting damage have a pronounced effect on Japanese

noodle quality (Bean et al., 1974). Japanese noodles made from sprouted flour will be

dark and lack elasticity. Cantonese style noodles are also negatively affected if flour from

sprouted grain is used (Orth and Moss, I98l).

2.5 The role of enzymes on sprout damage

2.5.L Starch degradation

Starch is a glucose polymer that exists in two forms: amylose and amylopectin (Bewley

and Black, 1994). Amylose is a linear u-1,4 linked molecule, and amylopectin is a

branched molecule linked with o-1,4 and o-1,6 bonds. The amylose and amylopectin are

the first to be hydrolyzed by a-amylase during sprouting. This enzyme breaks the o-1,4

bonds between the glucose residues randomly. The released sugars are further hydrolyzed

by u-amylase or/with cr-glucosidase to produce glucose and maltose. But a-amylase

cannot hydrolyze o-1,6 bonds of amylopectin and as a result, highly branched glucose
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units, limit dextrins, are produced. Debranching or R-enzymes and limit dextrinase

hydrolyze cr-1,6 bonds of limit dextrins to produce monomers (Bewley and Black, 1994).

p-Amylase cleaves every second glucose unit to produce maltose from the non-reducing

end of large oligomers released by o-amylase (Bewley and Black, 1994). Amylopectin

can not be hydrolyzed completely by B-amylase and debranching R-enzyme is essential

to break down the highly branched limit dextrin units.

2.5.1.1The role of a-amylase

Sprout damage can result in high levels of o-amylase activity (Bewley and Black, 1994).

cr-Amylase is one of the enzymes that occurs naturally in all wheat and is found mainly

in the aleurone layer. This enzyme is activated during the germination or sprouting

process, converting stored starch in the endosperm into sugars required to feed the

growing plant. cr-Amylase acts as an endoenzyme degrading large starch granules by

breaking the cc-l,4 glucosidic bonds that exist between the glucose molecules. o-

Amylase acts more or less randomly and its activity can quickly break down starch and

convert it into free sugar molecules, resulting in a loss of flour viscosity (Hoseney, 1998).

Elevated levels of o-amylase are a concern in bread making because this enzyme breaks

down starch granules in wheat flour when mixed with water. Further, the dough is wet,

sticky and hard to handle (Ringlund and Mosleth, 1990).

Measuring the level of cr-amylase in wheat flour, even in the absence of visible signs of
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sprouting, has been used to estimate the extent and level of sprout damage (D'Appolonia

et al., 1982). The mere presence of a-amylase is not necessarily a reliable indication of

potential viscosity loss because the enzyme must be released to the endosperm and

become active before any real damage can be detected. The falling number and cr-

amylase activity are methods used to measure starch degradation before the emergence of

any visible signs. A low falling number indicates starch degradation has occured which

is likely due to high levels of o-amylase activity (Zanetti et al., 2000).

2.6 Roles of hormones in sprouting

2.6,1GA in sprouting

Gibberellic acid (GA) is synthesized in the coleoptile and scutellum of the embryo, when

cereal seeds are hydrated (Taiz and Zeiger,1998). GA is received by a GA receptor

protein, which is thought to be present on the outer surface of the plasma membrane of

aleurone layer cells. In the nuclei, the transcription of o-amylase mRNA is promoted by

GA. Before the synthesis of o-amylase mRNA, GA promotes the synthesis of a GA-

MYB gene transcript. GA-MYB is one of the transcription factors of the cr-amylase

promoter. Gibberellic Acid Insensitive (GAI) and SPINDLY (SPY) are the repressor

proteins of GA responses. GA deactivates these repressors and stimulates the expression

of the GA-MYB gene. The MYB-protein serves as a transcriptional regulator of the q,-

amylase gene. GA-MYB protein binds to the promoter region of o-amylase gene. It has

been demonstrated that GA-MYB alone can induce the synthesis of ü,-amylase mRNA,

which is translated to the a,-amylase enzyme for starch degradation of endosperm during
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the sprouting of cereal grains (Taiz and Zeiger, 1998).

2.6.2 
^BA 

in sprouting

The presence of abscisic acid (ABA) is thought to regulate embryo dormancy because

ABA content in many seeds falls just before full maturity of the seeds (Bewley and

Black, 1994). However, the relationship between the development of embryo dormancy

and the retention of ABA at maturity is not clear. It appears that the steady production of

ABA is responsible for the maintenance of dormancy. ABA tends to inhibit cell wall

loosening which is required for cell expansion in the seed coat during sprouting. Embryos

isolated from more dormant seeds of wheat cultivars are more sensitive to ABA than

those from less dormant seeds. The loss of embryo dormancy is associated with a drop in

the ratio of ABA to GA. In most seeds, an increase of ABA production correlates with a

decline of indole acetic acid (auxin) and GA levels. The ABA:GA ratio appears to be

critical for dormancy breaking and seed germination (Bewley and Black, 1994).

Normal embryonic development can occur in the presence of ABA, but ABA prevents

the embryo from passing through embryogenesis to sprouting while still on the parent

plant (Taiz and Zeiger, 1998). Viviparous mutants of maize, vp5 (deficient in ABA) and

vp1 (insensitive to ABA), showed a progression from embryogenesis to germination of

the seed while still on the parent plant. This evidence suggests that premature

germination is suppressed by ABA. Other factors such as osmotic potential may play an

important role jointly with ABA.
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Recently, El-Kereamy et al. (2006) reported that seed germination and PHS in cereals are

always mediated by the plant hormone ABA. An ABA receptor protein, ABAP1, has

been identified in barley caryopsis which binds ABA, and controls the gene involved in

germination. Over-expression of ABAPI inhibits germination and suppression of ABAPl

expression accelerates germination in barley embryos. Gibberellic acid induced GA-

MYB and a-amylase genes, which play arole in starch degradation, are down-regulated

by ABAPI in barley.

2.7 Assessment of sprout damage

2.7.1 Percentage of damaged kernels

Sprout damage in wheat is difficult to assess visually. A wheat sample containing a small

amount of severely sprouted kernels may or may not have high levels of cr-amylase, the

enzyme that damages bread-making quality. The level of sprout damage is determined by

the percentage of sprouted kernels in a harvested sample, classed as "damaged kernels"

according to U.S. Grain Standards. According to Offrcial Grain Grading Guide of

Canadian Grain Commission (2006), kernels are considered to be "sprouted kemels

(SPTD)", if kernels show clear evidence of growth in the germ area, or if the bran is

noticeably split over the germ from apparent growth, or if the germ is missing and there

is apparent grayish discolouration normally attributable to sprouting, or if the germ,

though intact, appears distinctly swollen as a result of sprouting activity. Kernels are

assessed to be "severely sprouted kernels (SEVSPTD)" when they have sprouts

extending beyond the normal contours of the germ, or they are severely degenerated as an
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apparent result of advanced sprouting (Canadian Grain Commission, 2006).

2.7.2 Germination test

To screen germplasm for susceptibility to preharvest sprouting, wheat breeders have used

germination tests on threshed seeds. Germination tests are a more direct assay of seed

dormancy itself, which may be controlled by the embryo and possibty modif,red by

inhibitors endogenous to the bran (Monis and Paulsen, 1988). Germination tests can be

illustrated by germination rate, the length of the lag phase, the percentage germinated

grains after a specific period of incubation, or the time required to achieve a particular

level of germination (Derera, 1989). Several mathematical treatments have been used to

compile the germination data which include germination or dormancy index (Strand,

1980), weighted germination percentage (Gordon, 1980), and various statistical methods

(Scott et a1.,7984; Reddy et a1.,1985).

Different researchers use different criteria to decide when germination has occurred.

Cereal seeds may be considered as germinated when the testa/pericarp over the embryo is

ruptured and the swollen embryo is visible (Derera, 1989). In this case, the seeds are

placed with the crease of each seed facing downwards to facilitate the visualization of

embryo germination. The development of rudimentary shoot and rootlets may be used as

the decisive factor for germinated seeds. But the choice of criteria for germination does

not affect the slope of germination curve except the apparent lag phase (Derera, 1989).
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2.7.3 Visual sprouting test

Visual sprouting tests permit rapid evaluation of many lines, and may detect not only

dormancy but also other properties of the plant which influence pre-harvest sprouting

(Paterson et al., 1989). Sprouting tests of intact spikes subjected to a wetting treatment

are intended to parallel f,reld conditions but permit greater control of rainfall-induced

weathering (Anderson et al., 1993; Humphreys and Noll, 2002).Intact spike sprouting

tests and germination tests usually produce results with strong genetic control and a high

degree of interrelation, provided that spikes are sampled at a consistent maturity stage,

usually physiological maturity, to minimize the effect of different stages of dormancy

(Paterson et al., 1989; Hucl,1994; Trethowan,1995). A sprouting score based on spike

wetting has been established as the best method to test segregating lines for PHS

resistance (McMaster and Derera,I976; Paterson et al., 1989).

2.7.4 ßalling number test

The Hagberg Falling Number test (AACC, 2000) measures the degree of starch

degradation in a flour or wholemeal sample as a result of sprouting (Hagberg, 1961). The

effect of o-amylase activity created through sprouting can be measured and results in low

falling number values. Falling number (FN) is a highly specific test that records the

number of seconds required for a plunger of a specified weight to fall from the top to the

bottom of a heated slurry of milled wheat and water. In general, the longer it takes the

plunger to fall, the higher the quality of milled wheat. Falling number reflects the degree

of sprout damage by measuring the viscosity of the slurry. Generally, the thinner the

slurry, the higher the levels of u,-amylase present and the lower the FN value in the
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sample. Millers and bakers generally prefer high-quality hard spring wheat to have a FN

of 300 seconds or higher for bread baking (CWB, 2002). Customers prefer buying on the

basis of FN, rather than sprout damage, and FN guarantees are often included in sales

contracts with suppliers. The stining number performed with rapid visco-analyzer (RVA)

has a very high positive correlation (r0.97) to the FN test, which has also been used to

monitor the viscosity and starch degradation in a flour sample as a result of sprouting

(Ross et al., 1987). Rapid visco-analyzer test is presently under consideration by the

Canadian Grain Commission to assess sprouting damage.

2.8 Wheat genome

Bread wheat (Triticum øestivum L.) is an allohexaploid (2n :2x : 42) cercal species with

the genome designation AABBDD (Poehlman and Sleper, 1995). It originated from a

combination of the tetraploid species T. turgidunt (AABB) and the diploid species Z.

tauschii (DD). T. turgidum (AABB) evolved by combining the I genome from a diploid

species, T. monococcum, and B genome from an extinct wild species of genus Aegilops,

and by chromosome doubling afterward. The gametic chromosome number of hexaploid

wheat is 21 and consists of three homoeologous genomes (4, B and D) of seven

chromosomes (1 to 7) each. Common loci for a specif,rc character are often found within

the ABD homoeologous groups of hexaploid wheat suggesting that the three genomes

evolved from a common ancestor. Tetraploid wheat (T. turgidum) and hexaploid wheat

(7. aestivum) always produce functionally diploid progeny (2n : 28 and 2n : 42,

respectively) in nature due to the PhI locus on chromosome 58 (Poehlman and Sleper,

1995). During reproduction in the presence of the Phl allele, each chromosome will pair
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only with its homologue. But when the Phl allele is absent, chromosomes may pair with

their homoeologue.

2.9 Molecular genetic maps in wheat

Since a molecular linkage mapping was first introduced in the 1980s, high density

molecular linkage maps have been developed for most major cereal crops using various

kinds of molecular markers (Bernatzky and Tanksley, 1985). Early molecular genetic

maps in wheat were prepared using restriction fragment length polymorphism (RFLP)

markers(Chaoetal., 1989; Devosetal., 1993;DevosandGale,I99T). However,RFLP

analysis is low throughput, time consuming and costly for genotyping (Gale et al., 1995).

RFLPs are often unsuitable for modern breeding programs which require rapid analysis

of a large population(s) at low cost. Polymerase chain reaction (PCR) -based marker

systems such as random amplified polymorphic DNA (RAPD; Williams et al., 1990),

amplif,red fragment lengfh polymorphism (AFLP; Vos et a1.,7995), and simple sequence

repeat (SSR or microsatellite; Powell et al., I996a), were used wholly or in parl to

construct genetic maps in cereals. Among those, RAPDs were not ideal to construct

genome wide dense molecular maps due to their poor reproducibility and lack of locus

specificity (Devos and Gale, 1992;Penner et al., 1993). AFLPs have been widely used in

genetic map construction of cereal crops because of their multiallelic nature and they

generate information in a relatively short period of time (Maheswaran et al., 1997; Qi et

al., 1998; Vuylsteke et al., 1999). Microsatellites (SSRs) have been used extensively to

construct genetic maps. SSRs have several advantages including their multiallelic nature,

locus specificity, co-dominance and extensive genome coverage (Powell et a1.,1996b). A
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large number of genetic maps have been developed using microsatellite markers in

cereals including wheat (Röder et a1., 1998; Pestsova et a1.,2000; Gupta et al., 2002). As

the abundance of DNA sequences available in public databases has increased,

development of microsatellite markers has become less expensive (Gupta and Varsheny,

2000). Recently, Somers et al. (2004) developed a high-density microsatellite consensus

map by combining four independent genetic maps of bread wheat. To date, this

consensus map is the highest density public microsatellite map in bread wheat covering

2569 cM over 2I chromosomes with an average marker interval of 2.2 cM and 1,235

microsatellite loci.

2.10 Sources of pre-harvest sprouting resistance

Various PHS resistant sources are available in different wheat growing regions

worldwide. The Canadian red-grained cultivar 'AC Domain' contributed resistance to

PHS in a population of 'AC Domain'/'Haruyutaka' (Kato et a1.,2007). 'AC Domain' also

has been used to develop DH population'RL4452'|'AC Domain' to study QTLs

associated with PHS resistance. Highly sprouting tolerant spring wheat dwarf line 'OS21-

5' derived from 'Tordo' (Derera and McMaster, 1977), a gibberellin-insensitive

genotype, crossed with 'Zenkouji' (Hoshino et al., 1989), a red-grained dormant cultivar

with high level of seed dormancy and resistance to PHS, is available and being used to

develop sprouting resistant spring and winter wheat in Japanese wheat breeding program

(Osani et a1.,2005). Japanese spring red wheat, 'Zenkoujikomugi' (Zen) is the highly

tolerant source of PHS (Osa et a1.,2003; Mori et aL,2005).



22

The introgression of PHS resistance from 'Zen' was attempted in a white-grained

Australian cultivar 'Spica' in order to improve PHS tolerance in white-grained wheat

(Kottearachchi et aL,2006). Some white-grained recombinant inbred lines (RILs) were

developed from the cross between'Zen' and 'Spica'. A hard white wheat cultivar with a

high level of tolerance to PHS called Clark's Cream was developed by Earl G. Clark and

can be found in the Kansas State University germplasm collection. Clark's Cream is the

source of the alleles which contribute to PHS resistance in NY18 x Clark's Cream

population (Anderson et al., 1993). A soft white winter wheat cultivar, Cayuga derived

from Clark's Cream which also carries alleles linked to PHS resistance was developed at

Cornell University. The South African landrace'Transval', aso known as'AUS1408',

was reported to have a major PHS resistance source (Mares et aI.2005). 'RL4137' is a

Canadian spring wheat line with a high level of PHS resistance.

Other species such as Aegilops tauschii L. (Xiu-Jin et al., 1997) and Triticum spelta L.

(Zanetti et aL.,2000), are potential sources of PHS resistance. However, the disadvantage

of using these species is the possibility of transferring undesirable traits along with the

PHS resistance. For instance, a QTL associated with PHS resistance in spelt was co-

localized with loci responsible for typical spelt ear morphology (Zanetti et a1.,2000),

which would be undesirable in bread wheat.

2.11 Genetics of pre-harvest sprouting resistance in wheat

Foley and Fennimore (1998) reported thata few major genes, along with several minor
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genes, control seed dormancy or resistance to pre-harvest sprouting in wheat. Soper et al.

(1989) presented a detailed review of the genetic basis of sprouting resistance in both

bread and durum wheats. Seed dormancy was controlled by two recessive genes in the

hexaploid white-seeded "Kenya-32l"; whereas, a three-gene model explained, the

sprouting resistance found in the hexaploid line "RL4137" (DePauw and McCaig, 1983).

Genetic and molecular investigations have reported the presence of dormancy genes on

chromosome 3D of white-grained genotypes and identif,red a potential molecular marker

for one of the dormancy genes (Mares, 2002).

Although several white-grained wheat genotypes have been identified with significant

levels of seed dormancy (McCaig and DePauw, 1992; Wu and Carver, 1999), seed

dormancy is generally associated with red kernel color in wheat (Soper et al., 1989;

Flintham and Humphray, 1993; Clarke et al., 1994; Bailey et al., 1999; Groos et al.,

2002). When dormant genotypes with red and white kemels were compared, the level of

seed dormancy was always much greater in genotypes with red kernels compared with

white genotypes (Foley and Fennimore, 1998). This observed phenotypic correlation

suggests some degree of association between anthocyanin genes and genes controlling

seed dormancy. This correlation may be caused by a tight linkage between PHS

resistance genes and red color genes or by the pleiotropic effect of a single major gene

(Lawson et al., 1997; Groos et al., 2002). However, according to McCaig and DePauw

(1992), red seed coat is neither sufficient nor required for resistance to PHS in bread

wheat, which points toward genetic linkage rather than pleiotropy.
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Flintham and Gale (1996) also observed that dormancy is associated with the red colour

genes (R) on the homoeologous group 3 chromosomes in red-grained wheats. Mares

(1999) and Flintham et al. (1999) later reported that the dormancy requires an interaction

between the À-gene(s) and at least one other gene. White-grained wheat derived by

mutation of the.R-gene retained very low levels of dormancy (Mares, 1999; Warner et al.,

2000). Himi et al. (2002) suggested that the A gene for grain colour might enhance grain

dormancy in wheat by increasing the sensitivity of embryos to abscisic acid. But the

dormancy effect caused by the A gene was not large enough in their study suggesting that

it plays a small role in the development of grain dormancy. This conclusion was based on

a study of grain dormancy in a white-grained wheat line with its red-grained near-

isogenic lines and a red-grained line with its white-grained mutant line (Himi et al.,

2002).

2.12 QTl, mapping for pre-harvest sprouting resistance in cereals

2.12.1Wheat

QTL analysis of PHS resistance in two American white winter wheat crosses has been

reported (Anderson et al., 1993). QTLs were identified on chromosome arm IAS and one

of the homoeologous group 2 chromosomes in one population (moderately resistant x

resistant), and on chromosome arms 3BL, 4AL, 5DL and 6BL in another population

(moderately resistance x susceptible). Roy et aI. (1999) used microsatellite markers to

screen a set of 100 recombinant inbred lines of bread wheat using a cross between

SPR8198 (a PHS-tolerant genotype with red kernels) and HD2329 (a PHS-susceptible

cultivar with white kernels). Significant association with PHS tolerance was detected
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with the marker wmcl04, which is located on the long arm of chromosome 68. This QTL

may be related to the RFLP locus Xcnl.bcd1426 identified by Anderson et al. (1993)

because both markers are in the same genomic region. Roy et al. (1999) also identified a

sequence-tagged site marker MSTI0I on chromosome 7D linked to PHS. Flintham et al.

(1999) also reported an important factor for PHS resistance linked to a microsatellite on

chromosome 7D based on bulk segregant analysis of DH lines from the cross

'Boxer/Soleil'. However, analysis of additional RILs from the cross 'Boxer/Soleil'

revealed that the QTL location on 7D was a statistical artifact and the true location was

on the long arm of chromosome 4A (Flintham et al., 2002).

Wheat group 3 chromosomes have been studied for their relationship to PHS because

these chromosomes carry the genes for seed-coat colour and the taVpl gene which is

orthologues to maize Vpl encode a dormancy related transcription factor (Bailey et al.,

1999; Groos et al., 2002). Miura et al. (2002) reported that chromosome 3A had the most

significant effect on variation in seed dormancy, followed by the group 4 chromosomes.

The three microsatellite loci XJbb293, Xbcdl3I and Xgwm3 which are located on the long

arms of chromosomes 34, 3B and 3D, respectively, are reportedly associated with PHS

resistance (Groos et al., 2002). These loci co-localized with QTLs for grain colour in

bread wheat where the genes R and taVpl were previously mapped. Another QTL

Xbcdl87l for PHS and grain colour was detected on the short arm of chromosome 5A by

Groos et al. (2002). Osa et al. (2003) used a mapping population of 125 recombinant

inbred lines from the cross between 'Zenkoujikomugi' (Zen) (a Japanese red-spring

wheat with a high level of seed dormancy and tolerance to PHS) and 'Chinese Spring' (a
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red wheat with some level of dormancy) to map QTL for seed dormancy on chromosome

34, and to study the relationship between taVpl or R-AI and the seed dormancy QTL.

Locus taVpl was identified in the middle of the long arm about 85 cM from the

centtomere of chromosome 34. Whereas, two QTLs for seed dormancy designated as

QPhs.ocs-3A.1 and QPhs.ocs-3A.2 were identified on the short and long arms of 34,

respectively. Locus QPhs.ocs-3A.1 had a major effect on dormancy contributed by the

Zen allele which was also confirmed by Mori et al. (2005). Locus QPhs.ocs-3A.2, which

had a minor effect, was unlinkedto taVpl by approximately 50 cM suggesting that they

are two clearly distinct genes. There was no dormancy QTL detected in the R-AI region.

This study suggested that either taVpl or R-AI locus had no direct contribution to the

high dormancy associated with chromosome 3A of Zen, which was mapped to the short

arm (Osa et al., 2003). A major QTL for PHS tolerance (QPhs.ccsu-3A.1) was detected

by Kulwal et al. (2005) on chromosome arm 3AL at a genetic distance of -183 cM from

the centromere of the map of 279.1 cM length, explaining up to 78o/o of the variation

across six different environments. The detected QTL was observed in all the six

environments individually and collectively (pooled data). Kulwal et al. (2005) also

observed the QPhs.ccsu-3A.1 QTL was not associated with the red-coloured grain of PHS

tolerant parent in their study, suggesting that the development of white-grained cultivars

with PHS tolerant is possible.

Three QTLs for seed dormancy have been detected on group 4 chromosomes of wheat by

Kato et al. (2001) using 119 DH lines derived from a cross between AC Domain (a

Canadian red spring wheat with high levels of dormancy) and Haruyutaka (a Japanese red



27

grained wheat with low levels of dormancy). The major QTL QPhs.ocs-4A.1 was found

on the proximal region of chromosome 4AL between the markers Xcdo795 and Xpsrl 15.

Two minor QTLs QPhs.ocs-48.2 on 4BL and QPhs.ocs-4D.2 on 4DL were detected on

the terminal region of chromosomes, flanked by markers Xbcdl43l.1 and Xbcdl43l.2.

More than 80% of the total phenotypic variance in seed dormancy was attributed to these

three QTLs and was contributed by AC Domain (Kato et a1.,2001). Two minor QTLs,

QPhs.ocs-4A.1 on the long arm of chromosome 4A and QPhs.ocs-48.1 on the

centromeric region of the long arm of chromosome 48, were identified for dormancy

(Mori et al., 2005). The desirable allele at QPhs.ocs-4A.1 locus was contributed by

'Zenkoujikomugi' which was highly tolerant to PHS, and the desired allele at QPhs.ocs-

4B.l locus was contributed by the other parent 'Chinese Spring' which has limited

dormancy. The combination of desired alleles at QPhs.ocs-3A.1, QPhs.ocs-4A.1 and

QPhs.ocs-48.1 was observed in transgressive segregants among recombinant inbred lines

which expressed higher dormancy than either parents (Mori et al., 2005). A major QTL

for pre-harvest sprouting on chromosome 4AL and a major QTL for dormancy on

chromosome 3AL were reported using a set of 75 recombinant inbred lines of the

International Triticeae Mapping Initiative (ITMI) mapping population created by crossing

"Opata 85" (a hexaploid spring wheat cultivar) with "W7984" (a synthetic hexaploid

wheat) (Lohwasser et al.,2005). The role of the D-genome in pre-harvest sprouting and

dormancy was tested using 85 Triticum aestivum cv. "Chinese Spring"-l egilops tauschii

introgression lines. No QTLs effecting pre-harvest sprouting were found on the D-

genome but a major QTL was found on chromosome 6DL for dormancy (Lohwasser et

a1.,2005). Mares et al. (2005) reported that bread wheat with improved PHS resistance
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can be achieved through the introgression of putative grain dormancy gene/QTL located

on chromosome 44. Genotypes containing the 4A QTL showed at least an intermediate

dormancy on its own and a dormant phenotype when combined with the R gene in the

red-grained genotype.

2.12.2 Barley

A certain level of seed dormancy is required for malting barley production and end-use

quality. Lack of dormancy or a low level of dormancy can lead to pre-harvest sprouting

in the barley field and low malting quality. On the other hand, a high level of dormancy

can cause non-uniform seed germination affecting field establishment problems and low

yield for malt extraction (Ullrich et alr, 1997). Therefore, a moderate level of seed

dormancy is required for malting barley production (Han et al., 1999;' Romagosa et al.,

leee).

Four seed dormancy QTLs in barley, designated as SD1, SD2, SD3 and SD4, have been

identified from a cross of 'Steptoe' (six-row, feed, dormant)/ 'Morex' (six-row, malting,

non-dormant) developed by the North American Barley Genome Project using an interval

mapping method (Oberthur et a1.,1995; Han et al., 1996). All four dormancy alleles were

contributed by 'Steptoe'. SDI and SD2 expressed in all environments had relatively large

dormancy effects (50% and 15olo, respectively), and were mapped on chromosome 7(5H).

SD3 and SD4, which were expressed only in certain environments with relatively small

effects, were mapped on chromosome 1(7H) and on chromosome 4(4H), respectively.

The SD2 QTL, which was associated with moderate seed dormancy in barley, was fine
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mapped into a 0.8 cM interval between molecular markers MWG851D and MWG851B

near the chromosome 7(5H) L telomere (Gao et al., 2003).

Prada et al. (2004) also mapped QTLs involved in the expression of seed dormancy using

a baiey doubled haploid population from the cross 'Triumph' (European, two-row,

dormant) by 'Morex' (North American, six-row, non-dormant). A major dormancy QTL,

which accounted for 52%o of the phenotypic variability and was detected over five

environments, was mapped near the centromere on chromosome 7(5H), and two other

QTLs were located in the vicinity of vrsl locus (row-type gene) on chromosome 2(2H)

and near the telomere on the long arm of chromosome 7(5H). Prada et al. (2004)

proposed that centromeric and telomeric regions of the long arm of chromosome 7(5H)

are conserved regions for dormancy QTLs, which agrees with other studies using other

barley mapping populations. These conserved QTLs appear to possess genes that would

contribute a moderate level of seed dormancy in malting barley breeding programs.

2.13 Comparative genomics in cereals for sprouting

The maize transcription factor VIVIPAROUS-I encoded by the Vpl gene performs a

significant role in the induction and maintenance of dormancy (McCarty et a1.,1991), and

has been mapped on the long arm of maize chromosome 3 (Bun et al., 1993). Maize

mutants lacking the Vpl gene are viviparous, i.e. precocious germination takes place in

the immature embryos while still on the cob. Maize Vpl homologues in wheat,

designated taVpl, have been mapped on the long arm of wheat group 3 chromosomes

(Bailey et aI. 1999), and possible effects on seed dormancy by taVpl genes have been
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suggested (Nakamura and Toyama, 2001; Groos et al., 2002). But the abundance of

taVpI transcripts was similar in developing embryos of dormant and non-dormant wheat

genotypes suggesting no relation to the germination potential (McKibbin et al., 1gg9).

A comparative mapping study among wheat, barley and rice genomes was done by Kato

et al. (2001) to detect the loci controlling seed dormancy on group 4 chromosomes of

wheat and to investigate their syntenic relationship with barley QTL SD4 or rice QTL

SdrI controlling seed dormancy. Comparative mapping studies have shown that wheat

group 4 chromosomes are homologous with barley chromosome 4H carrying the SD4

locus (Oberthur et al., 1995) and partially orthologous with rice chromosome 3 (Kurata et

a1.,1994) carrying the majorSdr/ locus (Lin et al., 1998; Takeuchi et al., 1999). Kato et

al. (2001) reported that the seed dormancy QTLs QPhs.ocs-48.2 on 4B and QPhs.ocs-

4D.2 on 4D are homoeologous in the wheat genome and are located in the terminal

region of the long arms. The major wheat dormancy QTL QPhs.ocs-4A.2 on 4AL is

homoeologous to barley dormancy gene SD4 on chromosome 4H (Kato et a1.,2001).

However, wheat group 4 chromosomes and barley 4H chromosome regions were not

orthologous to the rice chromosome 3 region canying a major seed dormancy QTL Sdrl

(Kato et a1.,2001).

Li et al. (2004) used a comparative genomics approach among barley, wheat and rice to

identify candidate genes controlling seed dormancy. A major QTL, contributing over

l)Yo of the phenotypic variation, and controlling both seed dormancy and pre-harvest

sprouting resistance, was identified on the long arm of barley chromosome 5H. This QTL
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region in barley showed a good synteny with the terminal end of the long arm of rice

chromosome 3. From an'in silico' study of rice DNA sequences, a gene encoding GA20-

oxidase was identified as a candidate gene associated with seed dormancy/pre-harvest

sprouting QTL on barley chromosome 5HL (Li et a1.,2004). This chromosomal region

also showed synteny with the telomeric region of wheat chromosome 4AL, although the

seed dormancy QTL on 4AL in wheat was reported outside of that region. The QTL

region for seed dormancy on wheat chromosome 4AL was syntenic to both seed

dormancy QTL regions on rice chromosomes 3 and 11 (Li et a1.,2004).
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MANUSCRIPT 1

3.0 Pre-harvest sprouting response in a collection of spring wheat germplasm in two

hemispheric environments, and relationships with agronomic traits and seed coat

colour

3.1 Abstract

Pre-harvest sprouting (PHS) can restrict the consistent production of high quality spring

wheat (Triticum aestivum L.) in many regions of the Northern and Southern hemispheres

including western Canada and New Zealand. A worldwide collection of 30 red- and

white-seeded spring wheat genotypes with different levels of sprouting response was

characterized for three PHS traits: falling number (FN), germination index (GI) and

sprouting index (SI) in two different hemispheric environments (Manitoba, Canada and

Christchurch, New Zealand). Genotypes were also chancterized for six agronomic traits

(lodging, days to maturity, plant height, grain yield, test weight and thousand kernel

weight) in Manitoba, Canada. The results revealed that red-seeded genotypes possess

superior tolerance to PHS compared to white-seeded genotypes when genotypes are

classified as having high PHS resistance. In general early maturing red-seeded genotypes

had less sprouting damage than late maturing white-seeded genotypes. Tall genotypes

showed less sprouting damage than short genotypes. The correlation between PHS traits

was higher in Manitoba, but the correlation between years was higher in Christchurch.

Sprouting index after 72-120 hrs artificial weathering appears to be the most consistent,

repeatable screening method for the differentiation of genotypes. Few genotypes showed

region specific performance, but Canadian lines generally had better PHS resistant

compared to genotypes from other sources. White-seeded genotypes, 'SC80I9-R1',
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'SC8021-V2' and 'White P.L4l37', and red-seeded genotypes, 'AC Domain', 'AC

Majestic' and 'Red RL4137' would be useful PHS resistance donors in cultivar

development programs in western Canada and New Zealand.'Kanata'and 'snowbird'

appear to be good white-seeded PHS resistant donors, specifically in western Canada.

Keywords: Triticum aestivum, spring wheat, pre-harvest sprouting, dormancy,

germplasm, genotypes, falling number, sprouting index, germination index.

3.2 Introduction

Rainfall and cooler temperatures commonly occur during crop maturation and harvest in

western Canada and Southeast New Zealand. These conditions can lead to pre-harvest

sprouting (PHS), which causes deterioration in grain quality and leads to downgrading of

grain. Rainfall just before, or during harvest, can induce germination in physiologically

mature kernels of spring wheat by breaking primary dormancy. Cool or warm wet

conditions can lead to breaking of seed dormancy in seeds that mature under either low

(S130C) or high temperatures (25-300C) (Bewley and Black, lg82).

Sprout damage within and among wheat fields can vary significantly (Skerrit and

Heywood, 2000). The extent of sprout damage depends primarily on the level of the

susceptibility of the cultivar when the environmental conditions are appropriate for PHS.

Sprouting can be influenced by the rate of water infiltration into the kernel, and water

infiltration in the kernel differs among genotypes (Butcher and Stenvert,1973). Degree of
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sprouting also differs according to origin of germplasm and growing season (Bewley and

Black, T994).

A possible association between dwarfrng character and sprouting resistance is suggested

as kernels of certain winter wheat varieties having the Rht3 dwarf gene showed

insensitivity to gibberellin and low o-amylase synthesis (Gale and Marshall, 1975). The

extent of sprouting damage is directly related to the timing of maturity and the rate of

desiccation in the maturing grains due to changes in the endogenous level of GA and of

ABA (Gale et al., 1983; King, 1989).

Sprouted kernels can result in reduced grain yield (Belderok, 1968) and reduced test

weight (Czarnecki and Evans, 1986). Yield losses occur through shattering of kernels

from the spike and reduced grain weight which may increase harvest losses. More than

10% yield loss has been reported (Belderok, 1968). Sprouting reduces the weight per

volume of kernels which affects density and packing efficiency and decreases test weight.

Sprouting reduces grain quality and leads to losses in crop value due to grain

downgrading. The amount of value lost depends on the degree of sprouting. In western

Canada, grain can be downgraded to the Feed Wheat class, which results in a large price

penalty for producers (Derera, 1980). Environmental conditions such as low temperature,

rainfall and humidity may cause physiological and biochemical changes of kernels of

cereal crops called weathering. Colour bleaching of the grain is one of the weathering
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effects and is another downgrading factor reducing crop value (Czamecki and Evans,

1986; Clarke et al., 2005). Weathering also enhances the growth of molds that can

hamper the development of wheat kernels, and can produce toxins that cause the wheat to

be unacceptable for human and animal consumption. Therefore, the acceptability of

grains for milling and even for feed purposes can be reduced. High respiration rates in

sprouted grain can lead to the deterioration of the grain and total weight reduction during

storage. Negative effects of PHS on end-use quality such as reductions in test weight, low

milling yield, low water adsorption, reduced dough strength, compact loaf volume, pooï

crumb and crust structure (Derera, 1989; Kruger, 1989; Henry, i989), and inferior noodle

quality (Nagao, 1995) have been reported.

Although several white-grained wheat genotypes have been identified with significant

levels of seed dormancy (McCaig and DePauw, 1992; Wu and Carver, 1999), seed

dormancy is generally associated with red kernel color in wheat (Soper et al., 1989;

Flintham and Humphray, 1993; Clarke et al., 1994; Balley et al., 1999; Groos et al.,

2002). When dormant genotypes with red and white kernels were compared, the level of

seed dormancy was always much greater in genotypes with red kernels compared with

white seeded genotypes (Foley and Fennimore, 1998). This observed phenotypic

correlation suggests some degree of association between anthocyanin genes and genes

controlling seed dormancy. This correlation may be caused by a tight linkage between

PHS resistance genes and red color genes or by the pleiotropic effect of a single major

gene (Lawson et al., 1997; Groos et aI., 2002). However, according to McCaig and

DePauw (1992), red seed coat is neither sufficient nor required for resistance to PHS in
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bread wheat, which points toward genetic linkage rather than pleiotropy. Himi et al.

(2002) suggested that the red genes (R-AI, R-BI and R-DI) for grain colour might

enhance grain dormancy in wheat by increasing the sensitivity of embryos to abscisic

acid, but it plays a small role in the development of grain dormancy, because the

dormancy effect caused by rR genes was not large.

To screen germplasm for susceptibility to PHS, a germination test on threshed seeds has

been used. The germination test is a straightforward and controlled method for evaluation

of seed dormancy, and is insensitive to the spike characteristics. In contrast, visual

sprouting tests of intact spikes allow fast screening of many lines, and can detect not only

dormancy but also other properties of the spikes which influence PHS under natural

conditions (Hagemann and Ciha, 1984; Paterson et al., 1989). In order to reduce

environmental variation by controlling weathering conditions, artificial weathering of

intact spikes using a rain simulator has also been suggested (Anderson et al., 1993;

Humphreys and Noll, 2002). To test segregating lines for PHS resistance, a sprouting

score based on spike wetting has been established as the best method (McMaster and

Derera, 1976; Paterson et al., 1989). The Hagberg Falling Number test can also assess

and quantify the sprout damage (AACC, 2000), which is a measure of starch degradation

presumably due to o-amylase activity before the appearance of any visible sprouting

symptoms (Stoy, 1982). While FN does not necessarily indicate resistance to all

components of PHS damage (Paterson et al., 1989), FN is the internationally accepted

measurement of sprout damage in wheat (Finney, 1985).
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Depending on origin and growing environments wheat breeders can choose different

sources of PHS resistant parents for their breeding programs when genotypes are

evaluated across hemispheric environments. Possible association of PHS with seed coat

colour and agronomic characters could provide useful phenotypic markers for selection.

Breeders also need to know the most effective screening methods for PHS resistance and

the repeatability of methods across environments. The objectives of this study were: 1) to

characterize spring wheat genotypes collected from various sources for PHS response

including falling number (FN) of milled flour, germination index (GI) of threshed seeds

and sprouting index (SI) of intact spikes, 2) to evaluate PHS response in two hemispheric

environments, 3) to determine if agronomic traits are related to PHS traits, and 4) to

evaluate the relationship between seed coat colour and PHS.

3.3 Materials and methods

3.3.L Plant materials and experimental designs

A diverse collection of spring wheat germplasm from Canada, USA, Australia, New

Zealand and Mexico was selected for this study (Table 3.1). Genotypes were chosen

based on origin, seed coat colour, and varying level of PHS response. Twenty-five

genotypes from various sources including both red and white seed coat colours and three

PHS response groups (susceptible, tolerant and resistant), were growTr in three sites in

Manitoba, Canada (Glenlea, Portage la Prairie and Brandon) in 2003 and one site in

Christchurch, New Zealand (Lincoln) in 2003 and2004 (Table 3.2). The same twenty-

five genotypes plus five additional genotypes were grown in the same three Manitoba

sites in 2004 and two sites in 2005 (Glenlea and Winnipeg). Two trials were conducted at
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Glenlea in 2003 and in 2004 for separate evaluation of agronomic and sprouting traits.

The 2004 Glenlea sprouting trial was abandoned due to a severe frost in August. The

environments (site-years) where agronomic and PHS traits were evaluated are presented

in Table 3.2.

A 5x5 square lattice design with two replicates was used in all Manitoba trials in 2003.

Because of the addition of f,rve genotypes, a three replicate 5x6 rectangular lattice design

with five plots in each of the six incomplete blocks was used for all Manitoba trials in

2004 and 2005. Genotypes were randomized within incomplete blocks and within

replicates that the same pair of genotypes did not appear together more than once. Order

of incomplete blocks within replicates and order of plots within incomplete blocks were

randomized separately for each environment. The six row plots of all Manitoba trials

were 4.5m x 0.90m with 30cm between plots and 15cm between rows. In Christchurch

(2003 and 2004), a randomized complete block (RCB) design with two replicates was

used with two row plots (1.5m x 0.36m) and 18cm between rows.



Table 3.1 Kernel colour, sprouting response group, source and pedigree of the genotypes observed for agronomic and
pre-harvest sprouting traits.

Genotype
Sunstate

Janz

AC Karma
ES34

Kotuku
Roblin
Otane

RI-4452Ï

QT747s
SUN325K
Kanata
Snowbird
t632.1
CFRS-12
t445.04
PN96-27

AC2OOOT

Snowhite4T5T

Snowhite4T6r
Grandin
Thatchert
AUS14O8

Kenya32l
White RL4l37
sc8021-v2

Kernel Response
colour group

White
White
White
White
White
Red

Red

Red

White
White
White
White
White
White
V/hite
White
White
White
White
Red

Red

White
White
White
White

Susceptible
Susceptible
Susceptible
Susceptible
Susceptible
Susceptible
Susceptible
Susceptible
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Resistant
Resistant
Resistant
Resistant

Sourcef
SUN
SUN
SPARC
CRC
CFR
CRC
CIMMYT
CRC
SLI-N

SUN
CRC
CRC
CFR
CFR
CFR
CFR
SPARC
SPARC
SPARC
NDSU
U.S.A.
SUN
CFR
CRC
SPARC

Pedigree

Hartog*4lCook*5/VPM1
3Ag3l4*Condor//Cook
HY320 * 5/BV/5 5 3//HY3 s8 I 3 IHY 3 s8 17 9 | s -QX7 6B.2

Glenlea*71CT932
SW1031.13.2/Sicco
BW 1 s/8W38 I /Rr-43 s9lRL43 s 3

Tob's/lr{po//N o 6 6 lBr al 3 / Bd/Gallo
Glenlea*6/Kitt
AU S i 40 8/3 * I anzl I Cunningham
Harto g/Vasco//AUS 1 40 8/3 /Harto g

AC Domai nl 3 IF.I-41 37 * 6 I lThatcher/Po so4 8

AC Domai nl 3 lP.L l 37 + 6 I lThatcher/Poso48

91PBIN125Ændeavour
Battenx2lTransvaal
AUS 1408/2*Kokako
RL45 5 5 I I 445 .04 (AUS 1 408/2+ Kokako)
AC Taber/SC802 1 -V2 I I AC Kanna
HY398/AC Karma/lHY I3
HY398/HY423ll5*HY393
Len//Butte * 2 IND 5 07 I 3 /l.ID 5 9 3

Iumillo/Marqui s//Kanred/Marquis
Landrace
Not traced

RL2520 I lTc+ 6/Kenya Farmer
Kenya 32I.BT.l.B. l/Takahe

39



Table 3.1 Cont'd
Kemel Response

Genotvpe colour group Sourcef Pedigree

SC8019-R1 White Resistant SPARC Kenya 321.8T.1.8.l/Peck
AC Domain Red Resistant CRC BW83Â\D585

AC Majestic Red Resistant CRC Columbus*2llSaricl0lNeepawa/3lColumbus*5//S70/lr{eepawa

Red RL4137 Red Resistant CRC P.L2520llTc*6lKenya Farmer

Monad Red Resistant CFR Unknown (Wrightson Seeds Ltd)

Agri-Food Canada, Manitoba, Canada; CFR, Crop and Food Resea¡ch, New Zealand; NDSU, North Dakota State University, North DaLota, USA; CIMMYT, Intemational Maize

and Wheat Improvement Centre, Mexico.

40
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3.3.2 Agronomic traits

Six agronomic traits including plant height, lodging, days to maturity, grain yield, test

weight and thousand kernel weight were determined. Lodging was recorded at three

different growth periods before physiological maturity of spikes with a scale ranging

from I (erect) to 9 (fully lodged) and the mean was used for analysis. Days to maturity

were Íecorded for each plot as the number of days from planting to the date when

approximately 80% of the spikes had reached physiological maturity. Physiological

maturity was def,rned as the collapse of the last node of the peduncle when most green

colour had been lost from the glumes (R.E. Knox, pers. comm.). Plant height was

measured from the ground level to the tip of the spike excluding awns and was reported

in centimetres (cm). Yield, test weight and thousand kernel weight were reported in

metric tonnes per hectare, kilograms per hectolitre and grams per 1000 kernels,

respectively.

3.3.3 Pre-harvest sprouting traits

Three PHS traits: germination index (GI) of threshed seeds, sprouting index (SI) of intact

spikes and falling number (FN) of milled flour, were evaluated on samples from three

Manitoba environments and two Christchurch environments (see Table 3.2). Sixty spikes

per plot were hand harvested by cutting the peduncle about 10 cm below the base of the

spike, when about 80% of the spikes in a plot had reached at physiological maturity.

Spikes were air dried for 3 days in a greenhouse prior to storage and then stored in a

freezer at -200C until evaluation for PHS traits.



42

Table 3.2 Agronomic and pre-harvest sprouting traits evaluated over multiple
environments+ in Manitoba, Canada and in Christchurch, New Zealand for 30 spring
wheat genotypes.

Trait Environments (Site-year) evaluated Abbreviation
(Environments)

Agronomic
Lodging

Days to
maturity
Plant height

Grain yield

Test weight

Thousand
kernel weight
Pre-ltørvest spro uting
Falling
number

index
Sprouting

Brandon 2003, Brandon 2004, Glenlea 2003,
Porlage la Prairie 2003, Portage la Prairie 2004
Brandon 2003, Brandon 2004, Glenlea 2003,
Portage la Prairie 2003, Portage laPrairie 2004
Brandon 2003, Brandon 2004, Glenlea 2004,
Portage la Prairie 2003, Portage la Prairie 2004
Brandon 2003, Brandon 2004, Glenlea 2004,
Portage la Prairie 2003, Portage laPrairie 2004
Portage la Prairie 2003, Brandon 2004

Portage la Prairie 2003, Brandon 2004

BDO3, BDO4, GLO3,
PPO3, PPO4

BDO3, BDO4, GLO3,
PPO3, PPO4

BDO3, BDO4, GLO4,
PPO3, PPO4

BDO3, BDO4, GLO4,
PPO3, PPO4

PPO3, BDO4

PPO3, BDO4

GLO3, GLO5, WPO5
LCO3, LCO4
GLO3, GLO5, WPO5

LCO3, LCO4
GL03, GL05, WP05

Germination Glenlea 2003, Glenlea 2005, Winnipeg 2005

Glenlea 2003, Glenlea 2005, Winnipeg 2005
Lincoln 2003, Lincoln 2004

Lincoln 2003, Lincoln 2004
Glenlea 2003, Glenlea 2005, Winnipeg 2005

index Lincoln 2003, Lincoln 2004 LC03, LC04

but pre-harvest sprouting traits were evaluated over three environments in Manitoba, Canada and over two environments in

Christchurch, New Zealand. Lincoln 2003 (LC03) and Lincoln 2004 (LC04) rvere the environments used in Christchurch, New

Zealand.

3.3.4 Germination test

Ten spikes collected from each plot were carefully threshed in a bract remover to ensure

that the seed coat was not damaged. Fifty seeds of each plot were placed into a disposable

100x15 mm Petri dish with Whatman@ filter paper, 90 mm diameter, grade #3. Five ml

of tap water were added to each Petri dish until the filter paper was uniformly wet but not

flooded. Tap water was used instead of distilled water because less mold growth was

observed during incubation. Seeds were positioned with the crease facing down to
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facilitate counting embryo germination. Petri dishes were arranged randomly into

Rubbermaid@ tubs, containing a thin layer of water in the bottom to maintain humidity

(Strand, 1980). Tubs were placed in a growth cabinet set at 150C in the dark with ambient

relative humidity (Hagemann &. C1ha,1984). Each dish was examined daily. Seeds were

counted as 'germinated' when the white radicle or plumule was protruding by

approximately 2 mm and there was a visible tear in the seed coat. Daily counts were

made over 2I days, everyday beginning on day 2 to day 7 and then every alternate day

for the next 14 days. The day seed was plated is referred to as Day 0. The number of

germinated seeds on each day was recorded and removed from the Petri dishes. The

plastic tubs were checked everyday to ensure the presence of a shallow film of water on

the bottom and then placed back in the growth cabinet. After 21 days, seeds that had not

germinated were considered 'non-viable' and were excluded from the experimental total

seed used. In the Christchurch trials (LC03 and LC04), seeds were incub ated af 200C and

daily germination counts were made for 7 days, but the same formula was used to

calculate GI.

A weighted GI as described by Reddy et al. (1985) with modification (after 7 days, day

interval between two counts was adjusted in the formula) was calculated by giving

maximum weight to the seeds that germinated first and progressively less weight to those

seeds that germinated later (Eq. 1)

cI: {dxnl + t(d-l)xn2l + t(d-2)xn3l +....... + [1 xn¿]] /(dxN) ......(Eq. 1)

where, d was the total number of days the seed was counted for; Ítl,(rz, rI3, ....., n6 wer€

the number of seeds germinated on the lt',2nd,3'0, ......, dtn day, respectively; N was the
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total number of viable seeds plated for germination. Seed germination is inversely related

to the degree of dormancy (Hagemann &. Ciha,1984).

3.3.5 Rain simulation

Two sets of 15 intact spikes from eachplot of the Manitobatrials, were placed separately

in a rain simulator (Conviron, Model: S-10H) for FN and SI tests (Mares, 1987). The

peduncles of the harvested spikes were cut about 5 to 6 cm from the base of the spike and

spikes were inserted upright into perforated aluminum trays with 15 spikes per row

separated by 2.5-3 cm. Trays were placed in the rain simulator and spikes were subjected

to a "standard wetting treatment" in a controlled environment chamber. The rain

simulators were kept at 160C temperature and 99o/o relative humidity. The "standard

wetting treatment" consisted of fifty mm of rainfall applied in an initial 4-hr wetting

period followed by six mm in every 4-hr period. To improve uniformity of wetting, the

trays were repositioned daily within the chamber. Samples to be used for the FN test were

removed after 48-72 hrs while those to be used for the SI test were removed after 72-120

hrs once visible sprouting was observed. A "calibration" test in the rain simulator time

was carried out with a subset of samples from each environment to maximize the

phenotypic range (data not shown). Rain simulation time for the FN test (48-72 hrs) and

visual sprouting test (72-120 hrs) varied every year depending on field weathering before

harvest.

The artificial weathering procedure used in the Christchurch trials differed slightly from
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the procedure used in Manitoba. Ten spikes of each plot were artificially weathered

(overhead misting for 5 min every hour) for 96 hrs in a climate room set at 16/8 hrs

daylnight 201ß0C. The same weathering treatment was used for both FN and SI in the

Christchurch environments.

3.3.6 Falling Number test

For the FN test, artificially weathered spikes were dried for 48 hrs in a forced-air dryer at

450C. Dried spikes from each plot were threshed in a single head thresher and the

threshed grain was milled on a UDY Cyclone Sample Mill (UDY Co.p., Fort Collins,

CO). Sprouting damage caused by weathering was determined by Hagberg Falling

Number according to method 56-818 (AACC, 2000) on a Perten Falling Number 1500

(Perten Instruments Inc., Springfield, IL) using whole meal flour. A representative

sample of 7 g flour was placed in a FN test tube and 25 ml of distilled water was added to

form a slurry. The tube containing the slurry was shaken until no dry flour was observed

at the bottom of the tube before being placed in the machine. During an initial time of 60

sec, the plungers moved up and down in the tubes to ensure uniform mixing and heating

of the slurry. The time required for the plungers to fall from the top to the bottom of the

tube determined the FN in seconds.

3.3.7 Sprouting test

Sprouting damage caused by artificial weathering treatments was assessed using a visual

sprouting test. Fifteen intact spikes were used for the visual sprouting test and sprouted
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kernels of the intact spike were counted after 72-120 hrs of rain simulation in all

Manitoba environments. Any spikes exhibiting fungal growth were discarded because

fungal growth could influence the sprouting data, and data for infected spikes was

eliminated. The spikes of each plot were classified into 6 groups (0, 1,2,3-5, 6-10 and

10+) based on the number of visible sprouted kernels and the number of spikes in each

group was recorded. A weighted SI was calculated by using the formula (Townley-Smith,

pers. comm.) with little modification (group 6 added later and formula adjusted) (Eq. 2)

SI:(S1x 1 +Szx2+53X3+54x5+Ssx7+56x9)/N .......(Eq.2)

where, Sr, Sz, S¡, S+, Ss and So were the number of spikes with 0, 1,2,3-5,6-10 and 10+

visible sprouted kernels, respectively; N was the total number of spikes observed for

visible sprouted kernels. The SI is similar to the rating systems described by Paterson et

al., (1989) and McMaster and Derera (1976), where a score of '0' indicated no visible

sprouting while '10' reflected sprouting over the entire spike. The SI for the Christchurch

trials was calculated differently. After 96 hrs of artificial weathering, the number of

visible sprouted kernels was counted for each of the 10 spikes and the mean was

presented as the SI.

3.3.8 Statistical analysis

Analysis of variance (ANOVA) was carried out using PROC MIXED with REML and

Type 3 estimation methods, and a Satterthwaite estimation was used to determine degrees

of freedom using SAS@ 9.i for Windows statistical software (SAS Institute Inc., Cary,

NC, USA). The Type 3 estimation method was used to observe the component variance

and the REML method was used to estimate the least square means. Environment,
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replicate within environment and incomplete block within replicate were considered as

random effects, and genotype was considered as a fixed effect. Estimates of least square

means of all replicates within all environments were used as genotype means for all traits

because the error variances across environments were comparable. Least square means of

genotypes in each individual environment were also calculated to study their sprouting

response variability. Manitoba and Christchurch environments were pooled separately for

the three sprouting traits to investigate the effect of hemisphere on response. Pearson's

cor¡elation coefflrcients between agronomic and sprouting traits, between sprouting traits

in Manitoba, between environments for each sprouting trait, and between sprouting traits

in Manitoba and sprouting traits in Christchurch were estimated by using PROC CORR

of SAS@ 9.1. Only Manitoba environments were pooled to estimate the least squaïe

means for each sprouting trait which was used for correlation analysis between

agronomic and sprouting traits. For correlation analysis between sprouting traits, the

overall estimate of least square means of each trait was generated from least square

means of all individual environments of each trait. Pairwise comparisons between means

of each seed coat colour group within each response group within each hemisphere for all

traits were done in PROC MIXED with REML estimation method. Pooled least square

mean data from all environments in Manitoba and in Christchurch separately were used

in the comparison test. Genotypes within group were considered as random, and 'slice'

and 'diff commands were used in LSMEANS statement for pairwise comparisons.
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3.4 Results

3.4.1 Agronomic traits

Analysis of variance indicated that significant variance among genotypes existed for all

six agronomic traits (Table 3.3). Variation due to environments were also significant for

lodging, days to maturity, plant height and grain yield, test weight, and thousand kernel

weight. Significant variation for replicates within environment was found only for test

weight and thousand kernel weight. Incomplete block effect within replicates within

environments was signif,rcant for all traits except lodging. Genotype x environment

interaction was significant for all six agronomic characters (Table 3.3).

The mean of each genotype for each agronomic trait the overall mean of each trait,

standard deviation (SD), minimum and maximum values of genotypes for each trait are

presented in Table 3.4. A wide range and dispersion among genotypes were observed for

all six agronomic traits.



Table 3.3 Analysis of Variance for six agronomic traits evaluated over multiple environmentsï in
Manitoba, Canada for 30 spring wheat genotypes.

Source

EnVirOnment **+ *** *** *** * *

Rep (Environment) ns ns ns ns * *

Intra block [Rep(Environment)] ns *+ * 4'** *** *

Genotype ** *** ,¡** ++* *** **4<

Genotype*Environment *** +++ ** ++* *** ***

dlodging and days to maturity rvere evaluated in Brandon 2003, Brandon 2004, Glenlean 2003, Portage la Prairie 2003 and Portage la Prairie 2004;

plant height and grain yield in Bra¡rdon 2003, Brandon 2004, Glenlea 2004, Portage [a Prairie 2003 and Portage la Prairie 2004; test weight and

thousand kemel weight in Portage la Prairie 2003 and Brandon 2004.

Lodging Days to Plant
maturity heieht

Grain Test Thousand
yield weight kernel weight

49
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Table 3.4 Mean data of 30 spring wheat genotypes for six agronomic traits, mean in
each response-colour group, overall mean, standard deviation and range of each trait
evaluated over multiple environmentsf in Manitoba, Canada.
Genotype Lodging Days to Plant Grain

Maturity Height Yield
Test Thousand

weight kernel
(cm) (mt/ha) (ke/hl) weieht (s)

Susceptible-White
Sunstate
Janz
AC Karma
ES34
Kotuku
Susceptible-Red
Roblin
Otane
FtL4452r
Tolerant-White
QT747s
SLIN325K
Kanata
Snowbird
t632.r
CFRS-12
t445.04
PN96-27
AC2000r
Snowhite4T5l
Snowhite4T6i
Tolerunt-Red
Grandin
ThatcherT
Resistønt-White
AUSi4OS
Kenya32l
White RL4I37
sc8021-v2
sc8019-R1
Resistant-Red
AC Domain
AC Majestic
Red RL4i37
Monad

¡gp (c:0.0s)

2.8
?)
3.1

2.3
2.9

1.3

3.5
t.7

3.5
3.0
¿.)
1.9

2.r
1.3

J.J

4.2
2.t
T,2

5.9

1.5

6.4

5.2
5.7
2.t
3.6
4.3

z.J
1.5

2.4
r.9

2.r

98
94
89

92
91

94
95
93
97
92
95

4.1

3.5
4.1

3.7
1^J.Z

4.0
3.8
3.6

3.6
4.0
3.5
4.3
3.5
4.1

3.4
3.1

3.4
5.0
4.1

2.9
3.5
3.5
2.3

4.0
3.5
3.4
3.7

0.1

77.9
74.8
75.6
7 5.1

67.2

7 5.1

73.5
72.2

76.3
75.7
16.6
77.0
7 t.r
74.4
74.7
75.5
I5.0
16.4
77.0

77.0
75.8

74.3
t J.5
77.8
76.2
69.4

/t.3
74.8
77.6
7s.6

2.5

35
31

32
37
26

)/.
32
28

32
26
31

25
29
JJ

38

37

34
32

31

32
27

32
30
31

35

4

32
31

JJ

80

67
82

95
69

88

tl
82

7T

7l
8l
92
79
86

74
75
82
77
83

9I
96
95
95

94

90
91

93

92
90

9T

93

92
94
94

9T

92
92
97

4.2
3.0

83

95
34
27

97
95

93

87
84

89
87

93

96
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Table 3.4 Cont'd
Genotype Lodging Days to

Maturity
Plant Grain Test Thousand
Height Yield weight kernel
(cm) (mtlha) (ke/hl) weieht (e)

Overall mean
Standard deviation
Minimum
Maximum

3.0
T,4

T,2

6.4

93
2

89

98

83.8
8.6

o /.J
97.1

3.64
0.51
2.28
5.03

75.0
2.4
67.2
77.9

32
aJ

25

38
Tuenorypes evalualeo rn ulenlea /uu4, branoon ¿uu+ ano ronage la rralne luu+ only.

{Lodging and days to maturity were evaluated in Brandon 2003, Brandon 2004, Glenlean 2003, Portage la Prairie 2003 and

Portage la Prairie 2004; plant height and grain yield in Brandon 2003, Brandon 2004, Glenlea 2004, Portage la Prairie 2003 and

Portage la Prairie2004; test weight and thousand kernel weight in Portage la Prairie 2003 and Brandon 2004.

3.4.2 Pr e-harvest sprouting traits

Analysis of variance for sprouting traits was determined separately for Manitoba and

Christchurch environments. There were three individual environments in Manitoba

(GL03, GL05 and WP05) and two individual environments in Christchurch (LC03 and

LC04). Variation contributed by genotypes was highly signifrcant in both Manitoba and

Christchurch for all three sprouting traits including FN, GI and SI (Table 3.5; Appendices

7.1 and 7.2). Environment effect was significant for all sprouting traits in Manitoba, but

was significant only for FN in Christchurch. Interaction between genotype and

environment was significant for all PHS traits in Manitoba, and for FN and SI in

Christchurch.



Table 3.5 Analysis of Variance for pre-harvest sprouting traits evaluated over multiple environmentsl in Manitoba,
Canada and in Christchurch, New Zealand for 30 spring wheat genotypes.

Source

GenOtype *** *** *** *** *** ***
Environment (Site-Year) * *{<* ** * Ns ns
Rep (Environment) ns ns * ns Ns ns
Intra block (Rep*Environment) ns ns ns

Genotype*Environment *** *** *** d<'t* * ns

{Pre-hawest sprouting traits in Manitoba'rvere evaluated over three environments (Glenlea 2003, Glenlea 2005 and Winnipeg 2005); pre-harvest sprouting traits in

Christchurch were evaluated over nvo environments (Lincoln 2003 and Lincoln 2004).

Falling
Number

Manitoba, Canødø

Germination Sprouting
Index Index

Falling Germination Sprouting
Number Index Index

Chrßtchurclt, New Zeøland

52
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3.4.3 Genotype response in two hemispheres

Data for three PHS traits pooled over three Manitoba and two Christchurch environments

separately are presented in Table 3.6, and the means of each PHS response-seed coat

colour group for three traits are presented in Fig. 3.1. Overall three Manitoba

environments, Canadian genotype 'AC Karma' showed the highest FN, the lowest GI and

the lowest SI in the susceptible-white group (Table 3.6), but across the two Christchurch

environments, 'AC Karma' only had the lowest GI compared to other susceptible white

genotypes. The range of SI values in Christchurch was broader than that in Manitoba may

be due to different calculation methods for the index, because a weighted formula was

used in Manitoba (F,q.2), whereas, percentage of germinated kernels in spikes was used

in Christchurch. ES34 from the susceptible-white group showed the highest FN, the

lowest SI and the second lowest GI over two Christchurch environments. Canadian

susceptible-red genotype Roblin had the highest FN, the lowest GI and the lowest SI in

the same group in both regions (Table 3.6).

In the tolerant white group, Kanata and Snowbird showed higher levels of tolerance than

other genotypes in both hemispheres in their respective group (Table 3.6). Kanata and

Snowbird had the highest and the second highest FN, respectively, in both Manitoba and

in Christchurch. The lowest and the second lowest SI in Manitoba also belonged to

Kanata and Snowbird, respectively. In Christchurch, they both had the lowest SI.

Representatives of red genotypes in the tolerant group, Grandin and Thatcher, are both

from USA. Thatcher had higher FN, lower GI and lower SI than Grandin although

Thatcher was only evaluated in Manitoba environments (Table 3.6).
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Two Canadian white genotypes in the resistant group,'SC8019-Ri' and'SC802i-V2',

performed well in both Manitoba and Christchurch (Table 3.6). In this group, 'SC8019-

Rl'was the most resistant in Manitoba.'SC8021-V2'was the most resistant in

Christchurch where it had the best resistance for all three traits. 'White RL4137' had high

level resistance in Manitoba environments, but showed moderate resistance in

Christchurch (Table 3.6).

'Red RL4137'had the highest FN, the lowest SI and the second lowest GI in Manitoba,

and the lowest GI and SI in Christchurch (Table 3.6). 'AC Majestic' had the highest FN

and the lowest SI in Christchurch, and the lowest GI in Manitoba. New Zealand genotype

Monad in the resistant red group had the poorest performance regarding PHS resistance

for all three traits in this group in both Manitoba and Christchurch (Table 3.6).

The overall mean, standard deviation and range for each sprouting trait evaluated in

Manitoba and Christchurch are also presented in Table 3.6. Manitoba environments and

Christchurch environments were pooled separately. The overall means for FN and GI in

Manitoba were higher than those in Christchurch, but the overall mean for SI was lower

in Manitoba than in Christchurch. The smaller standard deviations of genotype means for

all three traits were observed in Manitoba datasets compared to Christchurch datasets.

The ranges for all traits in Christchurch were wider than those in Manitoba in spite of the

higher maximum value of GI in Manitoba (Table 3.6).



Table 3.6 Mean data of 30 spring wheat genotypes for three pre-harvest sprouting.traits, overall

mean, standard deviation and range of each irait evaluated over multiple environmentsf in Manitoba,

Canada and in Christchurch, New Zealand.

Genotype Manitoba, Cønøda

Susceptible-ll4úte
Sunstate
Janz
AC Karma
ES34
Kotuku
Susceptible-Red
Roblin
Otane
FtL4452I
Tolerant-Wlüte
QT747s
SLIN325K
Kanata
Snowbird
1632.t
CFRS-12
r445.04
PN96-27
AC2OOOT

Snowhite4T5t
Snowhite4T6T

Falling Germination Sprouting
Number Index Index

105
79

260
65
73

0.82
0.88
0.81
0.89
0.86

0.85
0.87
0.85

0.83
0.78
0.75
0.79
0.81

0.87
0.8s
0.82
0.82
0.8s
0.82

104
79

72

119
149
248
201
tt4
66
i50
131

t44
100

165

Falling Germination Sprouting
Number Index Index

6.r
6.5
5.1

8.1

6.8

6.0
6.6
1.4

6.1

4.1
2.9
3.6
6.r
7.6
4.8
5.0
6,1

6.0
5.1

Christchurch, New Zealønd

62
62
67
116

62

63

62

0.69
0.62
0.42
0.49
0.56

55

18.0
t2.6
8.4
3.9
t2.3

8.2
13.0

7.9
5.3
1.5

1.5

2.4
4.6
7.3
?)

62
65
r39
133

r11
87
68
t1o

0.48
0.50

0.42
0.25
0.29
0.28
0.29
0.41
0.30
0.30



Table 3.6 Cont'd
Genotype

Tolerønt-Red
Grandin
ThatcherT
Resßtønt-lVhite
AUS14O8
Kenya32I
WhiteRL4l37
sc8021-v2
sc8019-R1
Resßtønt-Red
AC Domain
AC Majestic
Red RL4137
Monad

¡g¡ (c = 0.os)

Falling
Number

(sec)

Manitoba. Canøda
Germination Sprouting

Index Index

r24
189

243
183

225
195
259

265
28s
299
196

0.84 4.7
0.79 2.8

0.75 2.3
0.83 4.4
0.78 3.4
0.74 4.8
0.74 3.2

0.73 3.0
0.59 2.1

0.62 r.4
0.73 4.s

0.08 2.4

Overall mean 163 0.80
Standard deviation 73 0.07
Minimum 65 0.59
Maximum 299 0.89

Falling Germination Sprouting
Number Index Index

(sec)

Christchurch. New Zealand

Tcenotypes evaluated ln Cilenlea 20U5 and Wlnnlpeg 200) only.

fPre-hawest sprouting traits in Manitoba were evaluated over three environments (Clenlea 2003, Glenlea 2005 and Winnipeg 2005); pre-ltarvest

sprouting traits in Christchurch rvere evaluated over two environments (Lincoln 2003 and Lincoln 2004).

82

62

88
77
t32
266
199

o 
_ut

0.16
0.46
0.23
0.13
0.44

0.01
0.03
0.00
0.08

0.t7

0.34
0.20
0.00
0.69

350
354
310
220

81

t._9

3.1

2.1

r.1
0.1

2.7

0.0
0.0
0.0
0.2

4.9
1.7

t.4
8.1

56

133

94
62

354

4.r

5.1

4.9
0.0
18.0
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3.4.4 Relationship for sprouting traits among environments

Mean data sets of individual environments were used to determine the correlation

between environments for each sprouting trait (Table 3.7). Significant correlations were

found between the FN datasets and between the SI datasets of all five environments

except between WP05 and the two Christchurch environments (LC03 and LC04).

Correlation coefficients between environments for FN ranged from intermediate to high

(0.52 to 0.93). The range of correlation coeff,icients between SI datasets was intermediate

to high (0.40-0.90). For GI datasets, all environments were highly correlated (p<0.0001),

and the correlation coefficients between environments ranged from 0.70 to 0.90. Strong

correlation between the two Christchurch datasets was found for all three traits (Table

3.7).

Table 3.7 Pearson's correlation coefficients between environments for three pre-
harvest sprouting traits evaluated over three environments in Manitoba, Canada and
over two environments in Christchurch. New Zealand.
Environment
Følling namber
GLO5

wP05
LCO3
LCO4
Germination index
GLO5
wP05
LCO3
LCO4
Sprouting index
GLO5

V/PO5
LC03
LCO4

0.69x*
0.52*
0.60*
0.60*

0.90* + *

0.79*: * *

0.78*'F+
0.90+{<*

0.56*
0.40*
0.55*
0.53*

0.76* * *

0.73 * {< *

0.77**+

0.90**{<
0.73**r<
0.72*¿<+

0.79**'k
0.54*
0.61*

o ì4"'
0.47 n'

9.79***
0.71 t< i< *

o.ts "
0.40 n'

0.93* * *

0.86* * *

0.90***
slgnrrlcant at p < u.uuul, p < u.uul, p < U.U), respectlvely; ns, non-slgntltcant at p= U.U5.

f Glenlea 2003 (GL03), Glenlea 2005 (GL05) and \ilinnipeg 2005 (V/P05) are the environments in Manitoba, Canada; Lincoln

2003 (LC03) and Lincoln 2004 (LC04) are the environments in Christchurch, New Zealand.
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3.4.5 Relationship in sprouting traits over two hemispheres

Correlation coefficients between sprouting traits in Manitoba and sprouting traits in

Christchurch ranged from 0.60 to -0.85 (Table 3.8). Significant correlations were

observed between all traits within hemisphere and across hemispheres (Table 3.8).

Table 3.8 Pearson's correlation coefhcients between pre-harvest sprouting traits within
hemisphere and across hemispheres for 30 spring wheat genotypes.

Pre-harvest
sprouting traitsT

Manitoba. Canada Cltistchurch New Zealand
Falling Germination Sprouting
number index index

Falling Germination
number index

Manitoba, Csnsds
Germinationindex -0.86*x{<
Sprouting index
C hristch urch, N ew Z es lsnd
Falling number 0.69*** _0.95{<{<* _0.62*-4

Germination index -0.72*** 0.81*** 0.70*t<{c -g.73*** -
Sprouting index -0.64** 0.63** 0.60* -0.68** 0.82**tc

f Preìarvest sprouting traits in Manitoba were evaluated over three environments (Glenlea 2003, Glenlea 2005 and Winnipeg 2005); prc-

harvest sprouting traits in Christchurch were evaluated over two environments (Lincoln 2003 and Lincoln 2004).

3.4.6 Agronomic and sprouting traits relationship

Pearson's correlation coefficients were calculated from the pooled datasets for each

agronomic and sprouting trait over all Manitoba environments. From correlation analysis

between agronomic and PHS traits, significant correlations were observed only between

plant height and all sprouting traits, and between days to maturity and SI (Table 3.9).

Plant height was positively conelated with FN (r 0.53), and was negatively correlated

with GI (r: -0.45) and SI (r: -0.50). Positive corelation was found between days to

maturity and SI (r:0.42; Table 3.9).
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Table 3.9 Pearson's correlation coefficients between agronomic traits and pre-harvest
sprouting traits for 30 spring wheat genotypes evaluated over multiple environmentsl in
Manitoba, Canada.

Traits Pre-harvest sprouting
Falline number Germination index S

Agronomic
Lodging
Days to maturity
Plant height
Grain yield
Test weight

Ns
-0.26n'

0.53 *

Ns
Ns

NS

0.26n'
-0.45*

NS

NS

Ns
0.42*
-0.50*

Ns
Ns

Thousand kernel weight Ns ns Ns

{Lodging and days to maturity were evaluated in Brandon 2003, Brandon 2004, Glenlea 2003, Portage la Prairie 2003 and Portage

la Prairie 2004; plant height and grain yield in Brandon 2003, Brandon 2004, Glentea 2004, Portage la Prairie 2003 and Portage la

Prairie 2004; test weight and thousand kernel weight in Portage Ia Prairie 2003 and Brandon 2004; pre-harvest sprouting traits were

evaluated in Glenlea 2003, Glenlea 2005 and Winnipeg 2005.

3.4.7 Relationship between sprouting response and seed coat colour

Table 3.10 outlines the analysis of variance due to genotype components and their

interactions on each sprouting trait. Two hemispheric locations (Manitoba and

Christchurch), three response groups (susceptible, tolerant and resistant) and two seed

coat colours (red and white) were considered as main effects in ANOVA. Hemisphere

effect was significant for FN and GI, but was not significant for SI. Highly significant

effects of response group were observed in all three traits. The colour and its interaction

with hemisphere (hemisphere x colour) had no significant effects in any one of the three

sprouting traits. The two-way interacfions (hemisphere x response group and colour x

response group) were highly signif,rcant for GI. The three-way interaction effect among

hemisphere, colour and response group (hemisphere x colour x response group) was

significant for GI only (Table 3.10).
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Table 3.10 Analysis of variance of genotype components for three pre-harvest sprouting
traits evaluated in two hemispheres (Manitoba, Canada and Ch¡istchurch, New Zealand).

Source DF
Falling
number

Germination
index

Sprouting
index

Hemisphere
Colour
Hemisphere*Colour
Response
Hemisphere*Response
Colour*Response

I * ìk**

lnsns
lnsns
2 ***
2ns
2+

+++

d<**
+++

NS

NS

NS
+++

**
NS

Hemisphere*Colour*Response 2 ns ** ns

The genotype means in each colour group within each response group of two hemispheric

locations (Manitoba and Christchurch) for three sprouting traits are shown in bar graphs

of Fig.3.1. Pairwise comparisons between means of red and white seeded genotypes of

each response group, and across response groups were observed in Manitoba and

Christchurch separately. The letter (a, b, c in Manitoba; x,y,z in Christchurch) was used

to indicate a significant difference between means in Figure 3.1. A significant difference

between the mean FNs of red and white genotypes within the resistant group was

detected in Christchurch. Falling number means of red and white in the resistant group in

Manitoba were significantly higher than the susceptible and tolerant groups. In

Christchurch, mean FN of red genotypes in the resistant group were significantly higher

than other response groups (Fig. 3.1a).

Mean GI scores of red resistant group were significantly lower than all the other groups

in Manitoba (Fig. 3.1b). In Christchurch, mean GIs of tolerant and resistant white

genotypes were significantly lower than susceptible group means, and the mean GI of the
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mean GIs of all other groups (Fig. 3.1b).

Mean SI of red and white genotypes were not significantly different within three response

groups, and the resistant group means were generally the lowest in both Manitoba and

Christchurch (Fig. 3. I c).

Fig. 3.1 Pre-harvest sprouting responses (a. Falling number; b. Germination index; c.

Sprouting index) of spring wheat genotypes in three sprouting response groups

(Susceptible, Tolerant and Resistant) for two seed coat colours (White and Red)

evaluated in two hemispheric locations (Manitoba, Canada and Christchurch, New

Zealand).
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3.5 Discussion

The results of this study demonstrate little relationship between agronomic and PHS

traits. Correlation data suggest there is a relationship between lodging and sprouting traits

but were not significant. In previous reports a QTL controlling plant lodging (QLd.crc-

3D;McCartney et al.,2005) mapped to the same region as a QTL controlling SI (QSI.uc-

3D; Chapter 4). The 'AC Domain' allele reduced plant lodging and increased SI at 3D

locus. The timing when lodging occurs might be a factor of finding a relation with

sprouting traits. Besides genetic factors, environmental factors such as high rainfall and

wind may influence lodging, thus lodging can occur at any time during crop growth and

maturity. Derera (1989) reported extremely high sprouting damage in the crops lying in

swathes with persistent rainfalls. Hence, finding a relation between lodging and sprouting

might depend on the timing of occurrence of lodging and duration of rainfall.

The timing of maturity and the rate of desiccation in the maturing grains were reported

as directly related to the extent of sprouting damage (Gale et al., 1983; King, 1989).

Sprouting trait QTLs (QSI.øc-4A.2 and QFN.crc-4A.2) were found to overlap with a

time to maturity QTL (QMat.øc-4A; McCartney et al., 2005) on chromosome 4A

(Chapter 4). In this study, red genotypes matured on average three days earlier than white

genotypes in the susceptible and tolerant groups (Table 3.4), and a significant positive

corelation was found between days to maturity and SI (Table 3.9), while GI and FN

were not significantly correlated with days to maturity. In western Canada,later maturing

genotypes may have an increased chance to be exposed to conditions that are wetter and

cooler than the conditions of earlier maturing genotypes. Thus, earlier maturing
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genotypes may escape weather conditions, which favour sprouting. This could be a

reason that later maturing genotypes appear to be less sprouting tolerant. This could be

also an artifact of collection. Because selected genotypes in resistant group such as'AC

Domain', 'AC Majestic' were early maturing Canada Western Red Spring cultivars, on

the other hand, few genotypes in susceptible group were late maturing Australian or

Canada Prairie Spring or Canada'Western Extra Strong cultivars.

Plant height was significantly correlated with all three PHS traits (Table 3.9). In general,

taller genotypes showed less sprouting damage. There could be a sampling arlifact that

resistant and susceptible genotypes selected for this study were by chance tall and short,

respectively. Varying in water-retaining capacity and thus susceptibility to PHS were

reported in different morphological versions of spikes of hexaploid wheat (MacKey,

1976). Water-retaining capacity in awned spikes was higher than that of awnless spikes.

Most of the tall genotypes were awnless and short genotypes were awned in this study.

Moreover, King and Richards (1984) reported that sprouting can be influenced by the rate

of water uptake and evaporation of water from spikes after a rainfall. Rate of water

evaporation from spikes may be different in genotypes with different plant heights. In

contrast, association between dwarfing and sprouting resistance was reported in winter

wheat cultivars with the Rht3 dwarf gene (Gale and Marshall, 1975). It is likely that

spring wheat genotypes used in this study that were semi-dwarf and may not have the

Rht3 dwarftng gene.

In this study, there was no relationship between grain yield, test weight, thousand kemel
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weight and sprouting traits. Grain yield loss has been reported in sprouted kernels

(Belderok, 1968), and reduced test weight in sprouted kernels was reported by Czarnecki

and Evans (1986). Further, sprouting trait QTLs (QSI.crc-4A.2 and QSI.crc-3D) have

been mapped in the same region as 1000-grain weight QTLs (QGwt.crc-4A and

QGwt.crc-3D; McCartney et al., 2005) on chromosomes 4A and 3D (Chapter 4). It is

likely that when samples were collected in the field, they had not been significantly

weathered, and had not suffered the losses in the grain yield, test weight and thousand

kernel weight that are normally associated with sprouting. Since grain yield, test weight

and thousand kernel weight were measured on harvested samples not on artificially

weathered samples, it is not unexpected to observe no association among grain yield, test

weight, thousand kernel weight and sprouting traits.

Strong correlations between PHS parameters measured in Manitoba and in Christchurch

(Table 3.8) suggest that all three PHS parameters are reliable methods to determine PHS

tolerance among genotypes in either hemisphere. All three parameters are repeatable

depending on sample types (seed, spike or flour) and the availability of resources. Seed

samples without artificial weathering are used in GI test, whereas SI test on spike sample

requires an afüftcial rain simulator, and FN test on flour sample requires an artificial rain

simulator, a UDY mill and a Perten Falling Number machine.

The range of GIs between genotypes and between response-colour groups was not as

great as the range of GIs among environments (Appendix 7 .4). The GI datasets for GL05

and WP05 were similar and near to the highest range of GI, thus results indicate GI tends
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not to be very effective if samples have been subjected to high field weathering

(Appendix 7 .6). On the other hand, if there is not enough field weathering in samples, GI

may not distinguish adequately sprouting tolerance between genotypes, because GI is

evaluated on the seed samples without artificial weathering. Furthermore, environment x

colour x response interaction was observed only in GI as the GI mean of red tolerant

genotypes was higher than that of red susceptible genotypes in Christchurch (Table 3.10;

Fig. 3.1b). Thus, GI was not a good indicator to differentiate between response-colour

groups across hemispheres. The germination test on threshed seeds has been reported as

insensitive to the spike characteristics for evaluation of seed dormancy (Hagemann and

Ciha, 1984; Paterson et al., 1989).

FN appears to be highly influenced by the environment as frequent rank changes across

environments were observed (Appendix 7.3). In addition, FN was also subject to colour x

response interaction in the analysis of genotype components (Table 3.10). It appeared that

the FN test might be less effective than the GI and SI tests, especially when samples were

highly weathered and sprouted. In the FN test, the flour-water slurry made of highly

weathered samples loses its viscosity when heated, and FN can be low even in the

resistant samples. Because FN value can not drop below 62 sec, not even in the highly

weathered susceptible samples, no differences are observed in FN values between

resistant and susceptible samples when both are highly weathered. The falling number

test is a measure of starch degradation most likely due to o,-amylase activity before the

appearance of any visible sprouting symptoms (Stoy, 1982), but high FN does not

necessarily relate to resistance to all components of PHS damage (Paterson et al., 1989).
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Thus FN may not be the preferred test to distinguish between genotypes for PHS

response when samples experience high field or artificial weathering.

In contrast to FN, fewer rank changes of genotypes across environments were observed

for SI, which could suggest that this trait was less influenced by the environment

(Appendix 7.5). Furthermore, SI did not have signifìcant environment x response x

colour and response x colour interactions (Table 3.10). Wide variation among genotypes

and small variation among environments (Appenclix 7,5), ancl clistinguishable clifferences

among response-colour groups (Fig. 3.1c) were observed for SL The SI test was also less

laborious and less time consuming than the GI or FN tests, making it more suitable for

screening large numbers of genotypes. The visual sprouting test of intact spikes was

reported as a fast screening method of many lines which detect not only dormancy but

also other properties of the spikes influenced by PHS under natural conditions, and a

sprouting score based on spike wetting was suggested as the best method to test

segregating lines for PHS resistance (McMaster and Derera, I9l6; Paterson et a1.,1989).

In order to reduce environmental variation by controlling weathering conditions, artificial

weathering of intact spikes using a rain simulator was also used (Anderson et al., 1993;

Humphreys and Noll, 2002). Therefore, the SI test with 72-120 hrs artificial weathering

adjusted for level of f,reld weathering could be effective PHS selection method for spring

wheat breeding. Sprouting tests with artificial weathering have been recommended in

order to differentiate between cultivars of similar levels of dormancy in a high throughput

breeding program (Shorter et a1.,2005). In our QTLs study for PHS traits, more QTLs

were identified using SI data (6 for SI vs. 3 for GI and 4 for FN) (Chapter 4). The higher
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number of detected QTLs suggests that more loci control SI than the other traits

measured. It is possible that more genes are expressed when SI is measured because SI is

measured at a more developed stage of the sprouting process. Further analysis of gene

expression profiling of a time series during germination and sprouting process would be

required to verify this.

'AC Karma' and 'ES34', two Canadian white genotypes, appear to have region specific

PHS tolerance because 'AC Karma' showed a moderate level of PHS resistance only in

Manitoba, and ES34 showed a moderate level of resistance only in Christchurch. 'AC

Karma' could be classified as PHS tolerant white seeded genotype in future studies. Janz,

an Australian white cultivar showed PHS susceptibility in both hemispheric regions, was

found sprouting susceptible in the haplotype diversity study for PHS QTLs (Ogbonnaya

et al. 2007). Kanata and Snowbird, Canadian white cultivars, had high levels of PHS

tolerance and would be a valuable source of PHS resistance to develop white cultivars in

both Manitoba and Christchurch. Likewise, Kanata and Snowbird can be considered as

PHS resistant white cultivars in further studies. It would appear that the AUS1408-type

resistance could be useful in Manitoba environment as the AUS14O8-derived genotypes

('1445.04', 'PN96-27', S[IN325K) also showed high levels of PHS resistance in

Manitoba environments (Table 3.7). On the other hand, New Zealand genotypes'1632.1'

and 'CFR8-12' should be categorized as PHS susceptible not tolerant due to their poor

performance. Two white-seeded half-sib lines, 'SC8019-R1' and 'SC8027-V2', had high

levels of sprouting resistance in both Manitoba and Christchurch. 'SC8019-R1' had

superior PHS resistance compared to 'SC8021-V2' in Manitoba and similar findings
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were observed in Australia (Ogbonnaya et a1.,2007). 'Kenya32I' is the common parent

of these two lines, and 'Peck' and 'Takahe' (an old New Zealand cultivar with high PHS

resistance) are the male parents of 'SC8019-R1' and 'SC8021-V2', respectively.

'Takahe'-type resistance might be more effective than 'Peck'-type resistance in the

Christchurch environments. Thus 'SC8021-V2' is likely the best white genotype for

Christchurch. The Canadian line, 'White RL4137' had a high level of resistance in

Manitoba and a moderate level of resistance in Christchurch. White genotypes, 'SC8019-

Rl'and'White RL4137', would be excellent sources of PHS resistance, particularly for

white cultivar development in either hemispheric region.

Red Canadian genotype'RL4452' was highly susceptible in Manitoba supporting the use

of 'RL4452/AC Domain' population in PHS QTL study (Chapter 4).'AC Domain', 'AC

Majestic' and 'Red P*L4I37' , three red Canadian bread wheat cultivars, had the highest

PHS resistance among lines tested in both hemispheres although their ranking varied.

These results are not surprising as 'Red RL4137' is a parent of both'AC Domain' and

'AC Majestic'. Ogbonnaya et al. (2007) also reported 'AC Domain', 'AC Majestic' and

'Red RL4137' in the same cluster with two other Canadian cultivars, Kanata and

Snowbird, which were both derived from the parents 'AC Domain' and'White RL4137'.

'White RL4137' is a white isogenic line of 'Red RL4i37'. New Zealand genotype

'Monad' should have been grouped with red tolerant instead of red resistant according to

its moderate performance in sprouting resistance.

Red genotypes had consistently higher FN, lower GI and lower SI than the white
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genotypes in the resistant group in both Manitoba and Christchurch environments (Table

3.6), although differences were significant only for FN in Christchurch, and GI in

Manitoba and Christchurch. In susceptible and tolerant groups, differences were not

consistent. Genotypes selected for this study were chosen based on previous studies,

personal communication and availability. Genotypes in the resistant group may have been

better characteúzed prior to this study than genotypes in the susceptible or tolerant

groups. PHS resistance differences between red and white genotypes have been reported

previously (Ogbonnaya et aL.2007; Foley and Fennimore, 1998). In the QTL study, the

SI QTL (QSI.uc-3D) on chromosome 3D was co-localized with the grain colour gene R-

DI (Chapter 4) supporting a relationship between seed-coat colour and PHS resistance.

Fofana et al. (2007) also reported seven QTLs linked with PHS traits coincident with

three seed coat colour QTLs, QCL.crc-3A, QCL.crc-38 and QCL.uc-3D, on

chromosome 34,38 and 3D, respectively, using a DH population ('AC Domain'l3l

'White RL4137') derived from a cross between red and white seeded lines.

In this study, Canadian genotypes tended to have the highest levels of PHS resistance in

both red- and white-seeded classes. In the world collection, there are likely other PHS

resistant germplasm available sources which were not included in this study and future

studies should be conducted to in an effort to find new sources of PHS resistant

germplasm. Since early maturing genotypes are more tolerant to sprouting even though

only SI was significantly associated with maturity, selection for early maturing cultivars

may serve the same purpose for selection PHS resistant cultivars although it might

contradict with objectives for high yield (Poehlman and Sleper,1995). Few genotypes
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used in this study were landraces collected from different sources. Using a different set of

cultivars in the further studies, agronomic traits other than plant height and days to

maturity may be found associated with PHS response. Since red seed-coat colour tended

to be associated with high PHS resistance parlicularly in the genotypes classified as

resistant, fine mapping is essential to find how close the linkage between red seed-coat

colour genes and PHS resistant QTLs is. If they are not tightly linked, introgression of

PHS resistant QTLs from red seeded cultivars to white seeded cultivars is possible. Thus

breeders may consider to transfer superior resistance from red genotypes in their PHS

resistant hard white spring wheat breeding. A unified index might be developed in future

to combine all aspects of sprouting damage in the intact spike, threshed grain and milled

flour, although the SI test appears to be the most suitable for high volume screening for

PHS resistance.
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MANUSCRIPT 2

4.0 Mapping QTLs for pre-harvest sprouting traits in the spring wheat cross

'RL4452/AC Domain'

4.1 Abstract

Pre-harvest sprouting (PHS) in spring wheat (Triticum aestivum L.) is one of the major

downgrading factors for grain producers and major quality concerns for end-use

processing industries in Western Canada. Wet and cool conditions experienced prior to

and during harvest can lead to sprouting damage in the held. The strong influence of

environmental factors makes selection for PHS resistance difficult for wheat breeders. In

addition, PHS resistance is a complex trait controlled by genotype, environment and plant

morphological factors. Molecular markers may be useful tools to select for PHS

resistance because they are not affected by the environment. One hundred eighty five

doubled haploid (DH) lines of the spring wheat cross 'RL4452|AC Domain' were used as

the mapping population to detect quantitative trait loci (QTLs) associated with three PHS

traits, germination index (GI), sprouting index (SI) and falling number (FN). Traits were

evaluated in six different Western Canadian environments (site-year combinations). Six

major QTLs linked with PHS traits were mapped on bread wheat chromosomes 34, 3D,

4A (2loci), 4B and 7D. 'AC Domain' alleles contributed to PHS resistance on 34, 4A

(locus-2) and 48, and 'RL4452' alleles contributed resistance on 3D, 4A (locus-l) and

7D. QTLs detected on chromosome 4B controlling FN (QfN.crc-48), GI (QGI.crc-4Ù)

and SI (QSI.crc-4B) were coincident, and explained the largest amount of phenotypic

variation in FN (22%), GI (67%) and SI (26%), respectively. Important QTLs associated

with GI and FN were found on chromosomes 4A and 48, but QTLs for SI were found on
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chromosomes 34, 3D, 4A (2 loci), 4B and 7D in multiple environments. Pyramiding

favourable alleles of both parents into one genotype by using marker assisted selection

could be the next option for wheat breeders to develop cultivars with improved PHS

resistant.

Keywords: Spring wheat, pre-harvest sprouting, dormancy, falling number, sprouting

index, germination index, microsatellite markers, quantitative trait loci.

4.2Introduction

Pre-harvest sprouting (PHS) is a phenomenon of cereal crops when germination of grains

occurs in the spikes before harvest. Cool, wet conditions prior to harvest can negatively

affect spring wheat quality. Downgrading of spring wheat due to PHS costs Canadian

producers an average of $100 million per year (Clarke et a1.,2005). Pre-harvest sprouting

negatively impacts grain producers and the processing industry by reducing yield

(Belderok, 1968), test weight (Czamecki and Evans, 1986) and causing undesirable

chemical changes that can decrease end-use quality (Buchanan and Nicholas, 1980).

Improved PHS resistance is often an important breeding objective for wheat breeders and

dependable selection methods are essential (Paterson et al., 1989). Resistance to PHS is a

complex trait \À/hich is controlled by genotype collectively with other factors, such as,

temperature and humidity during grain ripening (Belderok and Habekotte, 1980; Mares,

1984), spike and plant morphology (King and Richards, 1984), germination inhibiting



74

compounds in the bracts (Derera and Bhatt, 1980), and stage of maturity (Gale et. al.,

1983). In addition, expression of PHS resistance is strongly influenced by the

environment (Hagemann and Ciha, 1987; Paterson et al., 1989). With the advent of

molecular genetics, molecular techniques based on different types of markers are being

extensively used in various breeding programs throughout the world in order to identiff

quantitative trait loci (QTLs) associated with PHS resistance in wheat (Anderson et al.,

1993; Bailey et al., 1999; Roy et aL,7999;Zanetti et a1.,2000; Kato et aL,200I; Mares

and Mrva, 200I; Groos et al., 2002; Wilkinson et a1.,2002; Osa et a1.,2003; Mori et al.,

2005; Kulwal et a1.,2005; Mares et a1.,2005; Torada et al., 2005).

Germination tests on threshed seeds have been used to screen germplasm for

susceptibility to PHS (Hagemann and Ciha, 1984). This is a straightforward and

controlled method for evaluation of seed dormancy, and is insensitive to the spike

characteristics. On the other hand, visual sprouting tests of intact spikes allow fast

screening of many lines, and can detect not only dormancy but also other properties of

the spikes which influence PHS under natural conditions (Hagemann and Ciha, 1984;

Paterson et al., 1989). Intact-spike sprouting tests and germination tests usually produce

results with strong genetic control and a high degree of interrelation, provided that spikes

are sampled at a consistent maturity stage, usually physiological maturity, to minimize

effects of differential dormancy (Paterson et al., 1989; Hucl, 1994; Trethowan, 1995).

Artificial weathering of intact spikes using a rain simulator was also suggested in order to

reduce environmental variation by controlling weathering conditions (Anderson et al.,

1993; Humphreys and Noll, 2002). A sprouting score based on spike wetting has been
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established as the best method to test segregating lines for PHS resistance (McMaster and

Derera, I976;Paterson et al., 1989). Sprout damage can also be assessed and quantified

by the Hagberg Falling Number test (AACC, 2000), which is a measure of starch

degradation presumably due to a-amylase activity before the appearance of any visible

sprouting symptoms (Stoy, 1982). Resistance to all components of PHS damage does not

necessarily relate to high falling number (FN) (Paterson et al., 1989). However, FN

values are the internationally accepted measurement of sprout damage in wheat (Firurey,

1 98s).

From previously reported studies, QTLs for seed dormancy and PHS tolerance have been

identified using different evaluation techniques. Dormant genotypes identified using the

germination test of threshed seeds were found to have high sprouting scores of intact

spikes, and genotypes with high FN were found to be non-dormant when evaluated using

the germination test (Hagemann and Ciha, 1984;Paterson et al., 1989; Chapter 3). Seed

dormancy and PHS resistance are not always correlated and QTLs should be reported

separately for each trait along with the screening method used. Thus, breeders can select

the most appropriate screening procedure for PHS resistance for their breeding program,

and can choose molecular markers for the desirable component of PHS resistance.

Ultimately, cultivars can be developed in which the essential QTLs controlling PHS

resistance can be combined.

Three QTLs for seed dormancy, scored as the percentage of germinated seeds, have been

detected on group 4 chromosomes of wheat by Kato et al. (2001) using 119 DH lines



76

derived from a cross between 'AC Domain' (a Canadian red spring wheat with high

levels of dormancy) and 'Haruyutaka' (a Japanese red grained wheat with low levels of

dormancy). The major quantitative trait locus (QTL) QPhs.ocs-4A.1 was found on

proximal region of chromosome 4AL. Two Minor QTLs QPhs.ocs-48.2 and QPhs.ocs-

4D.2 were detected on the terminal region of chromosomes 4BL and 4DL, respectively.

More than 80o/o of the total phenotypic variance in seed dormancy was attributed to these

three QTLs and was contributed by 'AC Domain'. Flintham et al. (2002) identified a

significant QTL on chromosome 4A associated with dormancy in red-grained wheat

using germination percentage of threshed seeds and sprouting scores of artificially

weathered spikes. Mori et al. (2005) also reported QTLs on chromosome 4A and 4B

associated with dormancy using germination tests in a Japanese red-grained wheat

population, and fine mapped two minor QTLs: QPhs.ocs-4A.1 on the long arm of

chromosome 4Ã and QPhs.ocs-48.1 on the centromeric region of the long arm of

chromosome 48. Mares et al. (2005) reported that bread wheat with improved PHS

resistance can be achieved through the introgression of putative grain dormancy

gene/QTL located on chromosome 44. A major seed dormancy QTL was identified on

the long arm of wheat chromosome 4A using a cross 'Kitamoe' (Japanese PHS resistant

cultivar) x 'Münstertaler' (European non-resistant cultivar) phenotyped using

germination tests (Torada et aL,2005). A major QTL for PHS on chromosome 4AL using

sprouting scores for phenotyping and a major QTL for dormancy on chromosome 3AL

using percentage of dormant seeds for phenotyping were reported (Lohwasser et al.,

2005).
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The three marker loci X/bb293, Xbcdl3l and Xgwm-1 on the long arm of chromosomes

34, 38 and 3D, respectively, have been reported by Groos et al. (2002) to be associated

with PHS resistance evaluated by sprouting percentage of each spike. These loci co-

localized with QTLs for grain colour in bread wheat where the genes R and taVpl were

previously mapped. Miura et al. (2002) reported that chromosome 3A had the largest

effect on variation in seed dormancy, followed by the group 4 chromosomes. Two QTLs

for seed dormancy designated as QPhs.ocs-3A.1 and QPhs.ocs-3A.2 evaluated by

germination tests at200C were identified on the short and long arms of 34, respectively

(Osa et aL,2003). The predominant dormancy QTL QPhs.ocs-3A.1 was fine mapped at

the proximal end of the short arm of chromosome 3A measured by germination rate at

150c and 200c. A major QTL for PHS tolerance (QPhs.ccsu-3A.1) phenotyped by

sprouting score was detected by Kulwal et al. (2005) on chromosome arm 3AL. Some

white-grained recombinant inbred lines (RILs) developed from the cross between'Zen'

(PHS resistant) and 'Spica' (PHS susceptible) with the 'Zen' allele af QPhs.ocs-3A.1

showed increased grain dormancy evaluated by a germination test (Kottearachchi et al.,

2006).

QTLs for PHS resistance were identified on chromosome arm 1AS and one of the

homoeologous group 2 chromosomes in one population (moderately resistant x resistant),

and on chromosome arms 3BL, 4AL,5DL and 6BL in another population (moderately

resistance x susceptible) of American white winter wheat crosses evaluated using a

sprouting score of artificially weathered individual spikes (Anderson et al., 1993).

Significant association with PHS tolerance rated by sprouting score was detected by Roy
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et al. (1999) with the microsatellite marker wmcl04 on the long arm of chromosome 68.

This may be related to the RFLP locus XcnLbcdl426 identified earlier by Anderson et al.

(1993) because both markers are in the same genomic region. Roy et al. (1999) also

identified the marker MSTL7I (a sequence-tagged site) on chromosome 7D linked to

PHS. Significant QTLs associated with an intermediate level of dormancy measured as a

low germination index in the white-grained population were identified on chromosomes

zAL,2DL and 4AL (Mares and Mrva, 2001). Groos et al. (2002) reported another QTL

Xbcdl97I for PHS and grain colour on the short arm of chromosome 54. No QTLs were

found for PHS on the D-genome but a major QTL was found on chromosome 6DL for

dormancy, using 85 Triticum aestivum cv. "Chinese Spring"-,4e gilops tauschii

introgression lines to test the role of the D-genome in PHS and dormancy (Lohwasser et

a1., 2005). Zanetti et al. (2000) reported QTLs for PHS resistance on chromosomes 5A

(associated with spelt ear morphology), 3B and 78 (contributed by spelt alleles), and on

chromosome 6A (contributed by wheat allele), using a wheat x spelt cross as measured

by FN and a-amylase activity.

No QTLs have been reported to date using FN as a phenotyping method for PHS

resistance in spring wheat. QTLs associated with high FN in bread wheat can be

considered as a quality parameter for the processing industry. The objective of this study

was to detect QTLs for the following PHS traits: FN of milled flour; germination index

(GI) of threshed seeds; and sprouting index (SI) of intact spikes, using a microsatellite-

based genetic map of the DH population of the spring wheat cross 'RL4452lAC Domain'.
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4.3 Materials and methods

4.3.1 Plant materials

The mapping population consisted of 185 DH lines from the cross ,RI-4452/AC

Domain'. The maize pollination embryo rescue technique (Fedak et al., IggT) was used

to develop the DH population from F¡ plants. The parent ,AC Domain,

(ND499/RL4137llND585) is a registered cultivar in the Canada Western Red Spring

(CWRS) marketing class which has a high level of sprouting tolerance . ,RL4452, is a

backcross derived unregistered line with a low to moderate level of sprouting resistance

with the pedigree 'Glenlea'*6/'Kitt'. 'Glenlea' (Evans et al., lgTz) is a registered spring

wheat cultivar in the Canada Western Extra Strong (CWES) marketing class with

moderate resistance to sprouting. 'Kitt' is an American hard red spring wheat released by

the University of Minnesota in 1975.'AC Domain', 'RL44 52, and..Glenlea, were used

as checks for phenotyping PHS response in all environments.

4.3.2 Experimental designs

The DH lines and three checks were grown in two-row plots 1.5m in length with 30cm

between rows. A randomized complete block (RCB) design with three replicates was

used for the Glenlea (Manitoba) trial in 2003, and the Swift Cunent (Saskatchewan) trials

in 2003 and 2004. For the Winnipeg (Manitoba) trial in 2004, and the Glenlea and

Winnipeg trials in 2005, a 12x16 Lattice design with three replicates was used, with eight

incomplete blocks comprised of 16 plots and four incomplete blocks comprised of 15

plots. Genotypes were randomized. within incomplete blocks and within replicates that
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the same pair of genotypes did not appear together more than once. Order of incomplete

blocks within replicates and order of plots within incomplete blocks were randomized

separately for each environment. Sixty spikes per plot were hand harvested by cutting the

peduncle about 10 cm below the base of the spike, when about 80% of the spikes in a plot

had reached at physiological maturity. Collapse of the last node of the peduncle when

most green colour had been lost from the glumes was used as an estimator of

physiological maturity (R.E. Knox, pers. comm.). Spikes were air dried for two days

prior to storage and then stored in a deep freeze at -200c until phenotyping.

4.3.3 Phenofyping

Three PHS traits, GI of threshed seeds, SI of intact spikes, and FN of milled flour, were

evaluated on samples from Glenlea in 2003, Winnipeg in 2004 and two locations

(Glenlea and Winnipeg) in 2005 (Table 4.1). 'Glenlea' is the name of one of the locations

as well as one of the check cultivars used in this study. Additionally, sprouting index data

of intact spikes was collected at Swift Cunent in 2003 and2004. Table 4.1 summarizes

the environments and traits measured.
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Table 4.1 Pre-harvest sprouting traits evaluated over multiple environments (site-years) in
185 doubled haploid lines of the 'RL4452/AC Domain' population.

sproutins trait trait) nvironment
GL03, WP04,
GL05, WP05
GL03, WP04,
GL05, WP05
GL03, WP04,
SCO3, SCO4,

Falling
number
Germination
index
Sprouting
index

FN Glenlea 2003, Winnipeg 2004,
Glenlea 2005, Winnipeg 2005
Glenlea 2003, Winnipeg 2004,
Glenlea 2005, Winnipeg 2005
Glenlea 2003, Winnipeg 2004,
Swift Current 2003, Swift Current2004.

GI

SI

Glenlea 2005. V/innines 2005
ailrng num x were evalualeo over tour env'' uttttt6 Ë!rrrru¡4lrur¡ rrruçÀ welç Evdru4rçu uYcr luul ËIlvll()nments ln lvlanlloDaJ Lanaoa; sproutlllg

over four environments in Manitoba, Canada and over hvo environments in Saskatchewan, Canada.

4.3.4 Germination test

Please see the Chapter 3.3.4 for Manitoba trials.

GLO5. V/POs

4.3.5 Rain simulation

Please see the Chapter 3.3.5 for Manitoba trials.

4.3.6 Falling Number test

Please see the Chapter 3.3.6 for Manitoba trials.

4.3.7 Sprouting test

Please see the Chapter 3.3.7 for Manitoba trials.
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4.3.8 Statistical analysis

Analysis of variance (ANOVA) was carried out using PROC GLM, and PROC MIXED

with REML and Type 3 as an estimation methods, and the Satterthwaite method to

determine degrees of freedom in the SAS@ 9.1 for Windows statistical software (SAS

Institute Inc., Cary, NC, USA). ANOVA for trials GL03, SC03 and SC04 were

conducted with PROC GLM because a RCB design was used, and trials W?04, GL05

and WP05 were analyzed with PROC MIXED because an incomplete block (lattice)

design was used. Replicates and incomplete blocks within replicates were considered as

random effects, and genotypes were considered as a fixed effect. The least square

estimate of genotype means was used for fuither analysis for three sprouting traits in all

environments, using LSMEANS statement in PROC GLM and PROC MIXED. Pearson's

correlation coeff,rcients between sprouting traits and between environments for each trait

were estimated by using PROC CORR of SAS@ 9.1 to determine the relationships among

traits and among environments for each trait using least square means. For correlation

analysis between sprouting traits, overall estimate of least square means from the

combined analysis of each trait was generated from least square means of all individual

environments of each trait using LSMEANS statement in PROC GLM.

4.3.9 Genotyping

The genetic linkage map was constructed by McCartney et al. (2005) as a part of

Agriculture and Agri-Food Canada (AAFC) Crop Genomic Initiatives to investigate

QTLs controlling agronomic traits (Mccartney et al., 2005) and quality traits (McCartney

et a1.,2006) in spring wheat using 182 lines of the DH population 'RL4452|AC Domain'.
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Three hundred sixty nine loci were mapped on 27 linkage groups, covering 2793 cM of

length of 21 wheat chromosomes, including 356 microsatellite loci, 5 ESTs and 8 genes.

4.3.10 QTL analysis

Composite interval mapping (CIM) (Zeng 1993; 1994) was used for QTL analysis using

'Windows 
QTL Cartographer 2.5 software (Statistical Genetics, NC State University,

USA). The forward regression method was used by setting the threshold value at 0.05.

Model 6 (Standard Model) was used as the CIM model with a2 cM walk speed in a 10

cM window size and 5 control marker numbers. A QTL was declared when the LOD

score was >3 at least in two environment datasets. MapChart 2.1 software (Voorrips,

2002) was used to visualize the QTLs in the graphical chromosome maps.

4.4l{esults

4.4.1 Phenotypic data

Datasets for FN in the DH lines of the cross 'RL4452/AC Domain' showed a wide range

of genetic variation and highly significant (p< 0.0001) differences among lines in all four

environments (GL03, WP04, GL05 and WP05; Table 4.2). CIear genetic differences were

detected between the parents 'RL4452' and 'AC Domain' (Fig. a.1a and Table 4.3). The

frequency distribution appeared normal in environments GL03 and'WP04, and appeared

slightly skewed towards low FNs in environments GL05 and WP05 (Fig. 4.1a). The

parent 'RL4452' showed higher FN in GL05 than in other environments, which may be

due to missing data in GL05. In all four environments, transgressive segregation was
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observed among DH lines for both lower and higher FNs compared to the parents except

in the trial WP05, whete transgressive segregation appeared only for low FN (Fig. 4.la).

Transgressive segregates that had a higher FN than the resistant parent 'AC Domain'

suggest that not only 'AC Domain' alleles but also ''RI-4452' allele(s), contributed to the

high FNs in population. The parent 'AC Domain' showed high FN in all environments

ranging from 281 to 549 (Table 4.3). 'RL4452', showed low to moderate FNs between

113 and 210 in all four environments. Among DH lines, FNs ranged from 61 to 620. The

lowest average FN (184) was recorded in GL05 and highest average (274) was found in

GL03. All possible correlations between environments for FN trait were significant

except between GL03 and WP04 (Table 4.3). The correlation among FNs was significant

for WP04, GL05 and WP05 (Table 4.3). Over all four environments, the minimum and

the maximum FNs among DH lines were 101 and 37I, respectively, and the parents

'RL4452' and 'AC Domain' had FNs 777 and 384, respectively (Table 4.4).

Highly significant variation for GI among DH lines was found for all 4 trials GL03,

WP04, GL05 and WP05 (p< 0.001; Table 4.2). A wide range of GI among DH lines was

observed in most environments except GL03 (Fig. a.1b and Table 4.3). The distributions

for GI did not appear to be normally distributed and were generally skewed towards high

GI in most environments. Transgressive segregates in DH lines were detected for both

low and high GI in most environments except V/P04 (Fig. 4.1b). Transgressive

segregates with lower GIs than 'AC Domain' were observed in all environments which

may suggest that both 'AC Domain' and 'RL4452' alleles contributed to low GI. The

parents,'AC Domain'and'RL4452', showedmarked differences in GI (Table 4.3; Fig.
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4.1b). GIs in the DH population ranged from 0.67 to 1.01 over all environments, and the

parents 'AC Domain' and 'RL4452' ranged from 0.70 to 0.87 and from 0.87 to 0.99,

respectively (Table 4.3). All correlations for GI trait among environments were

significant (Table 4.3). The range of the mean GI in DH lines was 0.78 to 0.96

collectively over all environments þooled data), while the mean GIs from the pooled

dataset were 0.77 and 0.94 for 'AC Domain' and 'RL4452', respectively (Table 4.4).

Table 4.2 Analysis of
multiple environmentsf

Variance of three
in Western Canada

pre-harvest sprouting traits evaluated over
for 185 doubled haploid (DH) lines of the

'RI-44521AC Domain' lation.
Environment

Source GLO3 wP04 GLO5 wP05 SC03 SCO4

Følling number
Rep
Intra block (Rep)
DH lines
Germinøtion index
Rep
Intra block (Rep)
DH lines
Sprouting index
Rep
Intra block (Rep)
DH lines

+

,k**

NS

**

ns

*rk*

*rk

ll

++*

*+*

NS

**+

***
NS
+**

NS

*{<*<

+++

lk

*
{<**

'È{<*

NS
*++

**
d<*4<

+{<{<

*{<

{<**

*{<*

*

+++

*

***

ns
{<

***
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fFalling number and germination index rvere evaluated in Glenlea 2003 (GL03), Winnipeg 2004 (WP04), Glenlea 2005 (GL05) and

Winnipeg 2005 (WP05); Sprouting index in Glenlea 2003 (GL03), Winnipeg 2004 (WP04), Glenlea 2005 (GL05), Winnipeg 2005

(WP05), Swift Current 2003 (SC03) and Swift Current 2004 (SC04).

$ Randomized complete block design was used in GL03, SC03 and SC04; lattice design was used in WP04, GL05 and WP05.

Highly significant variation (p< 0.0001) among DH lines was observed for SI in all

environments (Table 4.2). Distributions were generally normally distributed in GL05 and

WP05 environments, whereas, distributions were skewed towards low SIs in SC03, SC04

and WP04, and skewed towards high Sis in GL03 (Fig. a.1c). Parents, 'AC Domain' and
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'FtL4452' , were classified in the low and the high range groups of SI values, respectively,

in all six environments. Numerous transgressive segregant lines with higher SIs than

'RL4452' appeared in all environments except WP05, while trangressive lines with lower

SIs than 'AC Domain' were detected in only th¡ee environments (GL03, SC03 and

WP04; Fig. 4.1c). The resistant parent 'AC Domain' showed a low SI mean ranging from

0.7 to 1.7 within five environments but had an unexpectedly high mean SI (5.5) in GL03.

'RI-4452' had a mean SI range between 4.1 and 8.9. The range in SI in the DH

population was 0.0 to 9.7 across six environments. Correlations among six environments

for the SI trait were significant (I4 out of 15 correlations), except the correlation between

GL03 and GL05 was non-significant at p: 0.05. The range observed for pooled SI data in

the DH population was 1 .6 to 7.4, and the mean from pooled data was 4.3 in DH lines

(Table 4.4). The SI for 'AC Domain' averaged 1.9 and 6.8 for 'P.L4452' when data was

pooled over all six environments.

From the pooled datasets for each trait over all environments, FN was negatively

correlated with GI (r: -0.56) and SI (r: -0.80), and GI was positively correlated with SI

(r 0.59). All correlation coefficients were highly significant (p< 0.0001;Table 4.4).

Fig.4.1 Frequency distribution of pre-harvest sprouting responses (a. Falling number; b.

Germination index; c. Sprouting index) in 185 DH lines of the cross 'RL4452|AC

Domain' along with their parents evaluated in multiple environments (GL03, Glenlea

2003; SC03, Swift Cunent 2003; WP04, Winnipeg 2004; SC04, Swift Cunent 2004;

GL05, Glenlea 2005; WP05, Winnipeg 2005).
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Table 4.3 Pearson's correlation coeffrcient
'P.L44521AC Domain' population along
environmentsl in Canada.

Environments

Følling number
GL03 ns
wP04
GLO5
wP05
Germinøtion index
GL03 0.19*
wP04
GLO5
wP05
Sprouting index
GL03 0.19+
wP04
GLO5
wP05
SCO3

SCO4

wP04 GLO5 wP0s

-0.24**
o'u1***

0.20*
0.60* * *

NS

o.tu_* * *

between environments,
with check mean for

0.r7+
0.43 ** *

0.30* * *

0.29'k**
0.62*+*
o'11***

0.27**
0.51***
o.rn_* * *

SCO3

p < u.uuur; "p < u.uur; .p < u.u); ns, non-s¡gnl

(GL03), Winnipeg 2004 (WP04), Glenlea 200s (GL05), Winnipeg 2005 (WP05), Srvift Cunent 2003 (SC03) and Swift Cunent 2004 (SC04).

overall mean and
three pre-harvest

SCO4

Doubled haploid population

Mean Minimum Maximum

274
258
r84
r92

0.84
0.86
0.91

0.94

range in 185 doubled haploid lines of the
sprouting traits evaluated over multiple

0.31***
0.43 * 

'r'< 
*

0.27**
0.52***

62
6T

62
65

0.74
0.67
0.67
0.79

4.8
1.0

0.9
1.0

0.0
0.0

0.25+*
0.40*{<*

0.20+
0.39* * *

0.56*: * 
'ß

620
493
442
332

0.91

0.98
1.0 i
1.00

9.0
8.1

6.9
7.6
9.7
9.3

.AC

Domain' Glenlea RL4452

88

8.2
3.0
3.7
4.r
3.6
J.5

Check means

549
340
281
364

0.79
0.72
0.70
0.87

5.5
1.3

0.7
r.6
t.7
0.7

r64
t26
r42
76

0.82
0.96
0.94
1.00

9.0
6.1

5.1

6.7
5.3

8.7

180
2t0
206
113

0.87
0.96
0.94
0.99

8.9
4.1
4.t
7.9
7.0
8.6



Table 4.4 Pearson's correlation coefficient between pre-harvest sprouting traits, overall mean and range in 185 doubled haploid
lines of the 'RL4452lAC Domain' population evaluated over four environmentsÍ in Manitoba, Canada.

Traits Doubled haploid population Check means

Falling number -0.56*** -0.80*** 221 101 371 384 I2l 177
Germination index 0.59**t 0.89 0.78 0.96 0.77 0.93 0.94
Sprouting index 4.3 1.6 7.4 1.9 6.8 6.8

fPre-harvest sprouting traits were evaluated in Glenlea 2003, Winnipeg 2004, Glnelena 2005 and Winnipeg 2005.

Falling Germination
number index

Sprouting Mean Minimum Maximum 'AC
index Domain'

89

Glenlea RL4452
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4.4.2 QTLs for falling number

Four QTLs controlling FN were detected by composite interval mapping in the DH

population derived from the cross 'RL4452|AC Domain' (Tables 4.5 and 4.6;Fig. 4.2). A

major QTL for FN pFN.crc-4Ù on chromosome 4B was detected in two environments

and in the combined dataset over all environments (Table 4.5). Based on.R2 values the 48

QTL explained the largest amount of variation in FN and the 'AC Domain' allele

increased FN relative to the 'RI-4452' allele at QFN.crc-48 locus. The LOD score peaks

fell between markers 8F484674-297 and Xbarcl} which map closely to the

microsatellite marker Xwmc349 (Fig. a.2). The QTL QFN.crc-4A.1 was the second major

QTL for FN detected in environments WP04, GL05 and the overall mean dataset (Table

4.5). The QFN.uc-4A.1 QTL was located in the terminal region of chromosome 48. This

QTL explained less variation in FN than the 4B QTL. The negative additive values

indicated that 'AC Domain' allele reduced FN relative to the RL4452 allele. The LOD

peaks of QTL QFN.uc-4A..l were near to microsatellite marker Xwmc49 (Fß. a.Ð.

Additionally, another QTL, SFN.crc-4A.2 on chromosome 44, associated with FN trait

was found in the overall environments means dataset and explained 7.7Yo of the

phenotypic variation (Table 4.5). The 'AC Domain' allele increased the FN values.

Xgwm494 was the closest microsatellite marker to the LOD score peak of QFN.crc-4A.2.
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Table 4.5 Composite interval mapping analyses using QTL Cartographer for detecting

QTLs controlling three pre-harvest sprouting traits in 185 doubled haploid lines of the
'F.L44521AC Domain' population evaluated over multiple environmentsl in Canada.

QTL$ Environment Marker or interval LoD nt Vù AdditiveY

QGI.crc-4A.1
QGI.uc-48
QGI.crc-48
QGI.crc-48
gcr-44.1

QGr-48

Følling number

QFN.crc-4A.1 WP04

QFN.crc-48
QFN.crc-4A.1 GL05

QFN.crc-48
8FN-4A. r ALL
8FN-44.2
QFN-48
Germinøtion index

GLO3
wP04
GLO5

ALL

QSI.øc-48
QSI.uc-7D
QSI.crc-7D
QSI.crc-3D
QSI.crc-44.2
QSI.crc-48
QSI.crc-7D

wP05

SCO3

QSI.crc-4A.2 SC04

QSI.uc-7D

Sproating index
QSI.crc-3D GL03

QSI.crc-jD WP04

QSI.crc-48
QSI.crc-48

Xgwm383 - Xgwml9l 3.0
Xgwml9l -Xbarc7l 4.1

6.1 -45
22.0 86
7.7 -43
r9.r 68
r3.7 -40
7.7 30
r4.9 42

7.2 0.01
66.6 -0.10
33.s -0.09
28.2 -0.04
5.9 0.02
52.1 -0.06

8.6 0.5
8.5 0.9
23.5 -1.5
26.0 -1.5
10.8 -0.9
1 1.0 0.9
8.7 -t.4
7.8 1.3

6.3 -t.2
6.2 -1.1

11

r2.0 -1.6

9.2 1.5

l.r -0.6
1 1.9 0.8
6.2 -0.6
26.9 -r.2

Xwmc48
Xwmc349
Xwmc48
Xwmc349
Xwmc48
Xgvm494
Xwmc349

Xwmc48
Xwmc349
Xwmc349
Xwmc349
Xwmc48
Xwmc349

3.0
9.5
4.2
8.8
6.3
4.0
7.7

3.4
4t.6
18.1

14.8
4.6
33.4

13.3
12.8
5.4
5.3
5.4

3.2
3.9

1 1.3

6.6
4.9
5.0

4.r
t4.9

Xgwml9l - Xbarc7l 3.8

Xwmc349
Xwmc349
Xwmc349
Xgwm482
Xwmc264

Xgwm494
Xwmc349
Xgum492
Xgwm494
Xgwm482
Xwmc264

Xgwm494
Xtumc349

gsr-34

8Sr-3D
QSI-4A.2
gsr-48

ALL
Xgwml9l - XbarcTl 8.5

QSI-7D Xgwm482 8.2 12.7 0.8

fFalling number and germination index were evaluated in Glenlea 2003 (GL03), Winnipeg 2004 (WP04), Glenlea 2005 (GL05) and

Winnipeg 2005 (WP05); Sprouting index in Glenlea 2003 (GL03), Winnipeg 2004 (WP04), Glenlea 2005 (GL05), Winnipeg 2005

(WP05), Swift Current 2003 (SC03) and Swift Cunent 2004 (SC04).

YAdditive effect ofallelic contribution. A positive sign in falling number, and a negative sign in germination index and in sprouting index

indicated that the 'AC Domain' allele at that locus contributed resistance in the respective trait relative to the RL4452 allele.
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4.4.3 QTLs for germination index

Three GI QTLs were identified in the DH population 'P.L4452lAC Domain' evaluated in

four different environments (Tables 4.5 and 4.6; Fig. 4.2). The QTL 8GI.qc-48 on

chromosome 4B was the major QTL associated with GI found in three of four individual

environments and in the combined dataset (Table 4.5). This QTL had the largest effect on

GI and explained 28.2 to 66.6% of the phenotypic variation. The high negative additive

values suggest that the 'AC Domain' allele at the 4B locus reduced GI compared to the

''RL4452' allele. The QGI.uc-4Ù QTL coincided with FN QTL QFN.crc-4B on

chromosome 4B at Xwmc349 marker locus (Fig. 4.2). A second major QTL for GI

QGI.crc-4A.I was found on chromosome 4A at the marker locus Xwmc48 which

overlapped with FN QTL SFN.crc-4A.1 in the same locus. This 4A QTL was found in a

single environment GL03 and the combined dataset (Table 4.5). The 'AC Domain' allele

increased GI values at that locus compared to the 'RL4452' allele, which supports the

reduction in FN values by the 'AC Domain' alleles at the same 4A locus (Tabl e 4.5).



Table 4.6 Chromosomes in which significant QTLs were detected
sprouting traits in 185 doubled haploid lines of the 'RL44521AC
evaluated over multiple environmentsf in Canada.

93

for three pre-harvest
Domain' population

Number
Environment Falling number Germination index Sprouting index of OTL
GLO3

wP04 4A.1,4B
GLO5 4A,1,48

4A.7,4A.2,48 4A.I,4B

3D
3D,48
4B
48,7D

2
aJ

2

2

34,3D, 4A.2,48,7D 5

4A.2,7D 2
34,3D,4A.2,48,7D 6

4A.l
4B
4B
4BwP05

SC03
SC04
Overall

Total 3 2 5

Winnipeg 2005 (WP05); Sprouting index in Glenlea 2003 (GL03), Winnipeg 2004 (WP04), Glenlea 2005 (GL05), Winnipeg 2005

(WP05), Swift Current 2003 (SC03) and Swift Current 2004 (SC04).

4.4.4 QTLs for sprouting index

Six significant QTLs for SI were found. Among these were all QTLs detected for FN and

GI traits (Tables 4.5 and 4.6;Fig. a.\. QSI.crc-4U was observed in four out of six single

environments and in the combined environments dataset. It coincided with major FN

QTL 8FN.øc-48 and GI QTL QGI.crc-4U and was anchored by the SSR marker

Xwmc349. The high negative additive values for this QTL indicated that the 'AC

Domain' allele contributed to lower SI compared to the 'RI-4452' allele. Two other major

SI QTLs were found. QSI.crc-3D was located on chromosome 3D in the overall dataset

and environments GL03, WP04 and SC03. QSI.crc-7D was located on chromosome 7D

in the overall dataset and environments WP05, SC03 and SC04. Positive additive values

for loci QSI.uc-3D and QSLcrc-7D suggested that 'AC Domain' alleles at both loci

resulted in increased SI values. The marker Xgwm482 was the nearest to the 7D locus and
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3D locus was between markers Xgwm383 - Xbarc7 I (Fig. a.Ð. Another QTL QSLcrc-3A

was mapped to chromosome 3A at marker locus Xwntc264,which was detected in SC03

and overall environments (Table 4.5; Fig. 4.2). The'AC Domain' allele at this locus was

found to decrease SI relative to the 'RL4452' allele. An additional QTL on chromosome

4A, QSI.crc-4A.2, was identified for SI trait. QSLcrc-4A.2 was found in Saskatchewan

environments (SC03 and SC04) and in the overall mean dataset. Xgwm494 was the

closest marker to QSI.crc-4A.2. The 'AC Domain' allele had a negative additive effect at

the QSI.uc-4A.2locus on SI values (Table 4.5).

ßig. 4.2 Genetic linkage map of the cross 'PtL4452lAC Domain' showing 31 QTLs from

six environments for three sprouting traits over fìve wheat chromosomes. Green, black

and red vertical lines indicate the QTLs for falling number, germination index and

sprouting index, respectively. Vertical text on the right of each QTL indicates the

environment where QTL is detected (GL03, Glenlea 2003; SC03, Swift Current 2003;

WP04, Winnipeg 2004; SC04, Swift Cunent 2004; GL05, Glenlea 2005; WP05,

Winnipeg 2005; ALL, Overall environments). Two horizontal lines intersecting two ends

of each vertical line indicate the QTL confidence interval defined by 1 LOD drop-off

from the peak. Horizontal line in between two horizontal lines or bold horizontal line if

with confidence interval indicates the LOD peak. Molecular markers and their genetic

map positions in Kosambi centimorgans are indicated on the right and on the left side of

each chromosome, respectively. Markers in red colour indicate the closest markers or

marker interval to the detected QTLs.
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4.4.5 Combined effect of the QTLs

Doubled haploid lines of the cross 'F.I-44521AC Domain' were categorized into the most

resistant and the most susceptible groups considering their SI values since transgressive

segregates were observed in the mapping population (Fig. a.1). Five lines from the most

resistant and five lines from the most susceptible groups were chosen, and their allelic

combinations at the six marker loci linked with detected PHS QTLs on chromosomes 34,

3D, 4A (2 loci), 4B and 7D were studied (Table 4.7). The mean FN, GI and SI of those

lines from the pooled datasets overall environments are also presented in Table 4.7. The

lowest SI and the highest FN were observed in the line 93E54*C53 with the allelic

combination of the 'AC Domain' alleles at gwm264, gwm494,wmc349 and gwm4|2, and

'R.L4452' alleles af gwml9l andwmc4S (Table 4.7). Five out of six alleles in 93E54*C53

contributed to PHS resistance. The'RL4452'allele at gwm482 was the PHS resistant

allele on ch¡omosome 7D. Four out of five most resistant lines had the combination of

'AC Domain' alleles at gwm494 and wmc349 on chromosomes 4A (locus-2) and 4P.,

respectively. The desirable resistant allele from '.RI-4452' af wmc48 on chromosome 4A

(locus-1) was found in the three most resistant lines. The three most resistant lines with

the lowest SI also had the highest FN, The five lines with the lowest SI did not have the

lowest GI (Table 4.7).

The most susceptible line, 93854*F13, was found with the combinations of the 'AC

Domain' alleles af gwm494 and gwm482, and'RI-4452'alleles at gwm264, gwmlgl,

wmc48 and wmc349, where three out of six alleles were undesirable for PHS resistant

(Table 4.7). The line 93E54*F13 had the highest SI and the third lowest FN. The line
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with the lowest FN (93E54*874) had the allelic combination of the 'AC Domain' alleles

atwmc48,wmc349andgwm482,and'RL445z' alleles atgwm264,gwmlgl and,gwm494,

in which four alleles contributed to reduce PHS resistance. The 'RL4452'allele at wmc48

on chromosome 4A (locus-l) was absent in four out of the five most susceptible lines.

The line with the fourth highest SI had the fifth lowest FN, thus three out of the five most

susceptible lines had the lowest FNs. The line with the third highest SI had the second

highest GI (Table 4.7).



Table 4.7 The five most resistant and the five most susceptible doubled haploid lines of the cross 'P.L4452|AC
Domain' with their allelic combinations at the six marker loci and their mean sprouting index, germination index and
falline number evaluated overall environmentsr in Canada.

Doubled haploid
linef
Most resistønt
93854*C53 A+ R+ R+ A+ A+ A- 371 0.82
93854+843 R- A- R+ A+ A+ R+ 350 0.89
93854*C4t A+ A- A- A+ A+ A- 353 0.84
93E54*D58 R- R+ R+ A+ A+ R+ 315 0.85
93854*F29 R- A- A- A+ R- A- 335 0.84

gwm264
(3A)

Most susceptible
93E,54*874 R- R+ A- R- A+ A- 101 0.94 6.9
93854*12I R- A- A- A+ R- - 179 0.93 7.t
93854*D55 R- A- A- R- A+ R+ t45 0.95 7.2
93854*A99 A+ A- A- A+ R- R+ 132 0.92 7.2
93854*FI3 R- R+ R+ A+ R- A- ltz 0.93 7.4

designated chromosome for each marker locus is in parenthesis.

ll The most resistant and the most susceptible limes were selected considering their sprouting index values.

IFalling number and germination index were evaluated over four environments (Glenlea 2003, Winnipeg 2004, Glenlea 2005 and Winnipeg 2005); Sprouting index was

evaluated over six environments (Glenlea 2003, Winnipeg 2004, Glenlea 2005, Winnipeg 2005, Swift Cunent 2003 and Swift Cunent 2004).

gwml9l wmc48 gwm494 wmc349 gwm482
(3n1 (4A.1) (4A.2) (48) (7D)

Alleles at the marker loci
Falling Germination Sprouting
number index index

98

t.6
2.0
2.3
2.3

2.3
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4.5 Discussion

Measurement of weathering traits varied greatly among different environments The

variability among the environments suggests that differential field weathering which

makes it difficult to determine the level of artificial weathering required to clearly shown

genotypic differences. The amount of freld weathering before harvest should be

considered prior to artificial weathering in a rain simulator to ensure maximum

differentiation in phenotypic expression of sprouting traits. Time periods in the rain

simulator for FN and visual sprouting tests should be adjusted to account for field

weathering of samples. Maximum differentiation in FN can usually be reached 24-48 hrs

earlier than that of SI by artificial weathering. An additional 7-2 days are required for

radicle growth beyond the spikelets in the visible sprouting tests, whereas, low falling

numbers can result earlier even though there are no visible signs of sprouting. This has

been previously reported by Mares and Mrva (2001).

QTLs for FN and GI were coincident with SI QTLs. QTLs on chromosome 4B had the

highest LOD scores with highest contribution in phenotypic expression, and were the

most consistently found QTLs for all three traits in both individual and overall

environments. The 'AC Domain' allele(s) at these loci increased FN, and decreased GI

and SI values, which contributed up to 67%o of the phenotypic variation. This suggests

that the QTLs on chromosome 48 could be a single gene controlling PHS resistance and

can be evaluated as a Mendelian trait in future studies. The SSR marker wmc349 could be

used in marker assisted breeding programs to improve PHS resistance. Kato et al. (2001)

reported a seed dormancy QTL, QPhs.ocs-48.2, in the same genomic region of
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chromosome 4B using DH lines from a cross 'AC DomainÆIaruyutaka', and the 'AC

Domain' allele at that QTL contributed to increased seed dormancy. The QPhs.crc-4Ù

generally agreed with a grain dormancy QTL, QPhs.ocs-4Ù.I , on the centromeric region

of the long arm of chromosome 48 (Mori et al., 2005). QPhs.ocs-4B.1 was linked to the

SSR markers Xgwm495 (Mori et al., 2005), which is about 17 cM away from wmc349

and on the opposite arm according to wheat microsatellite consensus map (Somers et al.,

2004). McCartney et aI. (2006) mapped a quality trait rapid visco-analyzer (RVA) final

viscosity QTL, QRfv.crc-4B, approximately 10 cM from QFN.crc-4Ù and QSLcrc-4Ù on

the short arm of chromosome 4B in the same 'P.L445211,C Domain' population. The

stirring number performed with RVA has been used to monitor the viscosity and starch

degradation in a flour sample as a result of sprouting, and is highly correlated (r:0.97)

with FN (Ross et a1.,1987). Somers et al (2004) mapped Rht-BI gene on chromosome 48

linked with microsatellite marker barcl}, which was about 16 cM distal to the marker

wmc349 in this map. Thus, Rht-BI gene and 48 locus associated with PHS may be

loosely linked.

The second most important sprouting QTLs (QFN.crc-4A.1, QGI.crc-4A.1 and QSLcrc-

4A.l associated with FN, GI and SI, respectively) on chromosome 4A (locus-l) have not

been previously reported and were unique. 'Glenlea'- or 'Kitt' alleles might be

contributing PHS resistance at these loci since both are the parents of 'RL4452', and

could be introgressed to improve PHS resistant level of spring wheat cultivars. ''RI-4452'

alleles were desirable at the 44.1 locus for improving sprouting resistance, which

demonstrates that desirable QTL alleles from both parents can be combined to give
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higher levels of PHS resistance than their parents. Furthermore, transgressive variation

was the combined effect of the desirable alleles from 'AC Domain, and,FtL4452,.

Sprouting index QTL QSI.crc-4A.2 on the long arm of chromosome 4A (locus-2) may be

similar to QPhs.ocs-4A.I (Kato et al., 2001) on the proximal region of ch¡omosome 4AL

which was associated with dormancy in red-grained wheat using DH population ,AC

Domain/Haruyutaka', and which was homoeologous to the barley gene SD4 on

chromosome 4H. In this study and in the study by Kato et al. (2001), the 'AC Domain'

allele contributed the resistance to sprouting. Others have reported a eTL on

chromosome 4AL associated with seed dormancy measured by germination test (Mares

and Mrva, 2001; Flintham et a1.,2002; Torada et al., 2005; Mares et a1.,2005;Mori et al.,

2005). Lohwasser et al. (2005) identif,ied a QTL in a similar location on 4AL linked to

the PHS by measuring sprouting of intact spikes. A different PHS QTL linked to the

RFLP marker Xcdo545 on the terminal region of 4AL was reported by Anderson et al.

(1993). A quality trait QTL associated with RVA peak viscosity (eRpv.crc-4A) was

mapped on the same marker interval as SI QTL QSI.crc-4A.2 and,FN QTL QFN.crc-4A.2

between two SSR markers Xgwn494 andXgwml62 (McCartney et a1.,2006). Since RVA

peak viscosity measures starch breakdown, it should be indirectly related to FN because

of the effects of sprouting on starch. Therefore, the same position of QRpv,crc-4A,

QSI.crc-4A.2 and QFN.uc-4A.2 strongly suggested that RVA peak viscosity and

sprouting resistance are highly associated, and perhaps influenced by the same gene(s).

McCartney et al. (2005) also reported that an agronomic trait QTL associated with 1000-

grain weight (QGwt.uc-4A) overlapped a fime to maturity QTL (QMar.crc-4A) at the
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same locus as QSI.uc-4A.2 and QFN.crc-4A.2. The'AC Domain' allele increased 1000-

grain weight and reduced time to maturity at this locus (McCartney et al., 2005), thus

suggesting that high sprouting resistance may be correlated with improved 1000-grain

weight and early maturity. Later maturing genotypes in western Canada can mature under

conditions that are wetter and cooler than earlier maturing genotypes would mature

under. Hence, earlier maturing genotypes may escape weather conditions which are

favourable to sprouting. This could be a reason that late maturing genotypes appear to be

less sprouting tolerant. It is possible that the molecular marker Xgwm494lXgwmI62 could

be used to select for sprouting index, falling number, RVA peak viscosity, 1000-grain

weight and time to maturity.

The QTL linked with SI found chromosome 3A (QSI.crc-3A) was detected in the SC03

and the overall environments. Kulwal et al. (2005) reported a major QTL (SPhs.ccsu-

34.1) for PHS tolerance on 3AL in the marker interval Xwmcl53-Xgwml55. This interval

is 24 cM distal on the long arm of 3A from marker Xwmc264 on the consensus map

developed by Somers et al. (2004).A PHS QTL was reporled on the long arm of 3A

close to the SSR marker Xgwm480 (Groos et al., 2002), and the marker Xgwm497 was

mapped at the terminal region of the long arm of 3A (Somers et a1.,2004) which was

about 38 cM distal from the 3A QTLs reported here. Another distinct seed dormancy

QTL on the short arm of 3A (QPhs.ocs-3A.1) was also reported (Osa et al., 2003; Mori et

al, 2005). It is known that the grain colour gene, R-AI, and wheat îaVpl genes,

orthologous to the maize VpI gene which encodes a dormancy related transcription

factor, are located on the long arm of 3A chromosome Q.[elson et a1.,1995; Bailey et al.,
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1999). A yellow alkaline noodle colour b* parameter QTL (Qydb.uc-3A) was mapped on

the same locus as the 3A sprouting QTL using the same DH population (McCartney et

al.,2006). The LOD peak of Qydb.uc-3A was exactly on the SSR marker Xwmc264.

Colour b* parameter measures yellow-blue colour gradient. 'RL4452' allele increased the

b* parameters which means ''RI-4452' allele increased yellowness (yellow pigments) at

this locus and also decreased sprouting resistance relative to 'AC Domain' allele in our

study. On the other hand, 'AC Domain' allele contributed blueness (dark pigment) and

also increased PHS resistance at 3A locus. Superiority of red genotypes to PHS resistance

over white genotypes has been reported previously (Ogbonnaya et al. 2007; Foley and

Fennimore, 1998). Thus, our results suggest an association between the 3A loci linked

with sprouting traits and dark coloured pigments in whole meal flour.

Sprouting index QTLs were observed on chromosome 3D, but no significant FN or GI

QTLs were found. The 3D QTLs identified in different environments overlapped each

other on alarge interval between markers Xgwm383 andXbarc7l. The 'RL4452' allele

was desirable for sprouting resistance at these loci. Groos et al. (2002) mapped a QTL for

PHS on the long arm of chromosome 3D close to the SSR marker Xgwm3 which was co-

localized with grain colour genes R-DI. SSR marker Xgwm3 mapped in the marker

interval between Xgwml9l andXwmc552 on the consensus map (Somers et a1.,2004).

The QPhs.crc-3D QTL was also detected in this interval. Therefore, pleiotropic effects of

the .R-genes and PHS resistance genes or linkage between them can not be ignored.

McCartney et al. (2005) mapped a 1000-grain weight QTL (Qcwt.crc-3D) and a QTL

controlling plant lodging (QLd.øc-3D) in the same region as the QTL controlling SI
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(QSI.uc-3D). The 'AC Domain' allele reduced both 1000-grain weight and plant lodging

at QGwt.crc-3D, and decreased sprouting resistance in our study at same locus. Thus, it

appears that low 1000-grain weight and erect plant morphology may be associated with

sprouting susceptibility.

The timing when lodging occurs might be a factor of finding a relation with sprouting

traits. Besides genetic factors, environmental factors such as high rainfall and wind may

influence lodging, thus lodging can occur at any time during crop growth and maturity.

Extremely high sprouting damage was reported in the crops lying in swathes with

persistent rainfalls (Derera, 1989). Thus finding a relation between todging and sprouting

might depend on the timing of occurrence of lodging and duration of rainfall. A baking

quality QTL for proof height (QBprh.crc-3D) was also reported on 3D at marker locus

Xwmc492 (McCartney et al., 2006) which coincided with SI QTL (p.llcrc-3D). The 'AC

Domain' allele lowered proof height, and increased SI values at this locus, suggesting

that high baking proof height might be dependent on sprouting resistance, with an

assumption that samples in the study (McCartney et a1.,2006) were affected by sprouting.

Baking quality is affected by the proteolytic enzymes released during sprouting which

causes a change in the gluten protein functionality. Excessive hydrolytic enzymes in

sprouted grains make dough stickier and harder to handle. Thus, flour from sprouted

grains may reduce the baking proof height. Mansour (1993) also reported a smaller

voiume and a compact interior of breads baked from sprouted wheat.

Loci on chromosome 7D were found only associated with SI trait, and resistance was
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contributed by 'RL4452' alleles. These loci may be related with later events in the

sprouting process, because the SI test permits a greater development of sprouting

compared to GI and FN tests. Roy et al. (1999) identif,red a PHS QTL on 7D chromosome

linked to a microsatellite sequence tagged site MSTI01 which might be related with QTL

linked with SI (QSI.crc-7D) on 7D at SSR marker Xgwm482. However, the map location

of sequence tagged site MSTI}1 in SSR-based maps is not available to confirm an

association.

Results from the combined effect of the six QTLs linked with PHS suggest that lines with

a high level of PHS resistance can be achieved when the desirable QTL alleles are

combined from both parents. After validation of these six detected QTLs in other

mapping population, the combining of the six QTL alleles into new genetic background

can be possible by marker-assisted selection (MAS) to identify lines with strong PHS

resistance. QTL alleles on group 4 chromosomes appear to be the most important in

maintaining high levels of PHS resistance. Others have reported similar findings (Kato et

a1.,2007; Torada et a1.,2005; Mares et al., 2005; Mori et a1.,2005). candidate markers

gwm494 on chromosome 4A (locus-2), wmc349 on 4B and wmc48 on 4A (locus-l) may

be useful for MAS for the PHS resistance. Phenotypic data in the most resistant and in

the most susceptible lines also suggested that SI trait relates very closely with FN trait.

Both SI and FN were measured from samples with artificial weathering treatment;

whereas, GI was measured in the samples without artificial weathering. This may explain

the close association of the SI and FN QTLs.
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Germination index QTLs were found on group 4 chromosomes [44 (1 locus) and 4B],

and FN QTLs were also found on 4A (2 loci) and 4B ch¡omosomes. Whereas, eTLs

linked with SI were detected on group 4 chromosomes [44 (2 loci) and 4B], group 3 (34

and 3D), and group 7 chromosome (7D) in multiple environments. It may be that the

number of QTLs detected is associated with the degree of damage due to sprouting in the

grains. Germination index was measured when the pericarp/testa was ruptured by the

swollen embryo and the embryo was visible. This stage can be reached by embryo cell

elongation after imbibition of grains and may not require a thorough breakdown of

endosperm reserves or mobilization of the reserves (Bewley and Black, 1gg4). On the

other hand, the FN test was done after 48-72 hrs of artif,rcial weathering when endosperm

protein and starch reserves would have been broken down by enzymatic activities.

Furthermore, SI was evaluated after 72-120 hrs when radical growth was visible beyond

the spikelets. At this stage, the mobilization of endosperm solutes is required to nourish

the growing embryo. Hence, the degree of sprouting damage at the time of SI evaluation

would likely be higher than that of the FN test, and the degree of sprouting damage

measure by the FN test may be higher than that at the time of GI evaluation. Our results

would suggest that the higher the sprouting damage, the more QTls/genes that are

detected. The higher number of detected QTLs suggests that more loci control SI than the

other traits measured. It is possible that more genes ate expressed when SI is measured

because SI is measured at a more developed phase of the sprouting process. Further

analysis of gene expression profiling of a time series during germination and sprouting

process performed by microarray technology would be required to verify this.

Differences in the amount of mRNA produced in different phases of sprouting process
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would indicated the number of genes involved in the sprouting phases of GI, FN and SI

evaluation.

The germination test on threshed seeds has been reported as insensitive to the spike

characteristics for evaluation of seed dormancy (Hagemann and Ciha, 19g4; paterson et

al', 1989)' In the germplasm study (Chapter 3), GI was not very effective to differentiate

between genotypes when samples were subject to high field weathering. There was also a

large degree of variability between environments in GI datasets. On the other hand, GI is

evaluated on the seed samples without artificial weathering, so if there is not enough field

weathering in samples, GI may not distinguish adequately between genotypes. The

falling number test is a measure of starch degradation most likely due to o-amylase

activity before the appearance of any visible sprouting symptoms (Stoy, lgg¿), but high

FN does not necessarily relate to resistance to all components of pHS damage (paterson

et a1',1989). It appeared that the FN test might be less effective than the GI and SI tests,

especially when samples were highly weathered and sprouted. In the FN test, the flour-

water slurry made of highly weathered samples loses its viscosity when heated; as a

result, FN drops even in the resistant samples. However, FN value can not drop below 62

sec, therefore' no differences are observed in FN values between resistant and susceptible

samples when both are highly weathered. Thus FN is not a suitable test to distinguish

between genotypes for PHS response when samples experience high field or artificial

weathering.

The visual sprouting test of intact spikes was reported as a fast screening method of many
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lines which detect not only dormancy but also other properties of the spikes influenced by

PHS under natural conditions, and a sprouting score based on spike wetting was

suggested as the best method to test segregating lines for PHS resistance (McMaster and

Derera, 7976; Paterson et al., 1989). In order to reduce environmental variation by

controlling weathering conditions, artificial weathering of intact spikes using a rain

simulator was also used (Anderson et al., 1993; Humphreys and Noll, 2002). our

germplasm study (Chapter 3) suggests that SI was less influenced by the environment.

Wide variation among genotypes and small variation among environments were observed

for SL The SI test was also less labourious and less time consuming than the GI or FN

tests, making it more suitable for screening large numbers of genotypes. Sprouting tests

with artificial weathering were also recommended to differentiate between cultivars of

similar levels of dormancy in a high throughput breeding program (Shorter et a1.,2005).

The SI test may be a useful phenotyping method for evaluating PHS response in a

segregating population.
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5.0 GENERAL DISCUSSION AND CONCLUSIONS

Pre-harvest sprouting is an annual threat to spring wheat production and breeding for

PHS resistance is an important goal of many spring wheat breeding programs. To develop

new cultivars with improved PHS resistant, it is important that resistant parents be

identified and used. Candidate genotypes properly characferized for PHS response under

different environments should increase their potential as parents. The results from this

study showed that Canadian red- and white-seeded sources possess better PHS resistance

than other sources tested and are suitable candidates for use as parents in spring wheat

breeding programs independent of hemisphere. Canadian genotypes 'AC Domain', 'AC

Majestic' and 'Red RL4137' would be excellent PHS resistant red-seeded parents, and

genotypes'SC8019-R1','SC802L-V2'and ''White RL4137'could be used as white-

seeded PHS resistance parents for breeding purposes in either hemisphere. 'Kanata' and

'Snowbird' were found to have high PHS resistance in Western Canadian environments.

A reliable and repeatable screening method for PHS resistance is necessary in large

spring wheat breeding programs to select for PHS resistant lines. In the study of

germplasm evaluation, GI scores did not vary greatly across genotypes and across

response-colour groups, but GI scores across environments varied to a great extent.

Results also indicate that the GI trait can not be effective if samples are subject to high

field weathering. The GL05 and WP05 datasets showed this with high GI and little

differentiation between genotypes. On the other hand, GI may not distinguish accurate

sprouting damage between genotypes if there is not enough field weathering in samples

because GI is measured on the seed samples without artificial weathering.



110

More variation of PHS response across genotypes and less variation across environments

were observed for SI. In the study of QTL identification, the number of detected eTLs

was higher for SI. It is possible that more loci control SI than the other traits measured or

more genes involved in the sprouting response were expressed in SI because SI is

measured af alatet stage in the sprouting process. The results of our study suggest that

the SI test with 72-120 hrs artificial weathering adjusted for level of field weathering

might be more reliable than GI and FN tests to differentiate between lines. SI test also

requires less labour, is less expensive and is less time consuming compared to GI and FN

making it more suitable for screening in large breeding programs.

The falling number, quality parameter test used by the baking industry for its

convenience to test flour samples, measures the viscosity loss due to starch or protein

degradation in the flour. Our results reveal that the viscosity loss measured by FN was

dependant upon the level of sprouting damage in the flour samples. Falling number

values were very closely related with SI values but not with GI in the most resistant and

in the most susceptible DH lines. A high negative correlation was consistently observed

between the FN test and SI or GI tests. However, it appeared that FN is not suitable to

distinguish between genotypes for PHS response when samples experience a high level of

field or artificial weathering. In highly weathered flour samples, FN value drops even in

resistant lines and the FN value can not drop below 62 sec where 60 sec is the mixing

time. As a result, no differences are observed in FN values between resistant and

susceptible samples when both are extremely weathered. However, FN can be used to

measure the loss of viscosity due to sprouting in flour sample.
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It is feasible that relationship(s) between agronomic traits and sprouting response can be

used for phenotype based selection, although few agronomic traits were related to PHS

traits. Results showed that days to maturity were coffelated with SI. Late maturing

genotypes had higher GI and SI values, and lower FN than early maturing genotypes.

QTLs linked with SI and FN (QSLcrc-4A.2 and QFN.crc-4A.2, rcspecfively) were

mapped in the same region as time to maturity QTL (QMat.crc-4A; McCartney et al.,

2005) on chromosome 4A in QTL study. 'AC Domain' alleles at these loci contributed to

increase PHS resistant by reducing SI and by raising FN, and contributed to lower the

time to maturity relative to the 'P.L4452' alleles. Late maturing genotypes are more likely

to be exposed to conditions that are wet and cool, and favourable for sprouting. Cool or

warTn wet conditions can lead to breaking of seed dormancy in seeds that mature under

either low or high temperatures (Bewley and Black, 1982). Early maturing genotypes

may escape conditions that are conducive to sprouting. Hence, breeding for early

maturing cultivars may serve the same purpose for breeding PHS resistant cultivars,

although it would likely prevent breeding for high yielding cultivars as higher yield tends

to be negatively correlated with early maturity (Poehlman and Sleper, 1995).

Tall cultivars might have better sprouting resistance than short cultivars, as plant height

was found to be correlated positively with FN and negatively correlated with SI or GI.

Different morphological versions of spikes of hexaploid wheat have different water-

retaining capacity, thus, susceptibility to PHS (MacKey, I976). Water-retaining capacity

in awned spikes is higher than that in awnless spikes (MacKey, 1976). Most of the tall

genotypes tended to be arnmless, whereas, the short genotypes were awned in the
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germplasm study. King and Richards (1984) reported that sprouting can be influenced by

the rate of water uptake and evaporation of water from spikes after a rainfall before

harvest. Thus, tall genotypes could experience less weathering damage in the field before

harvest, which would support the correlation between plant height and sprouting traits

reported in this study. An association between dwarfing character and sprouting

resistance was reported in winter wheat varieties having Rht3 dwarf gene (Gale and

Marshall, 1975) but semi-dwarf wheat genotypes used in this study may not have the

Rht3 gene.

Sprouting resistance could be related to high test weight and high thousand kernel weight,

although reduced test weight was related to sprouting damage only in red genotypes with

low level of PHS resistance. This may depend to some extent on level of progression of

sprouting. QTL associated with 1000-grain weight (QGwt.uc-4A; McCartney et al.,

2005) overlapped with the PHS locus (QSI.crc-4A.2 and QFN.crc-4A.2) on 4A, and'AC

Domain' allele increased PHS resistance and 1000-grain weight at this locus. The same

locus was also associated with days to maturity and RVA peak viscosity (QRpv.crc-4A;

McCartney et a1.,2006), thus suggesting a relation among higher PHS resistance, higher

i000-grain weight and earlier maturity. It is likely that there may be some pleotropic

effects at this locus or linkage between trait loci. Sprout damage can result in high levels

of o-amylase activity. ct-Amylase is activated during the germination or sprouting

process, converting stored starch in the endosperm into sugars required to feed the

growing plant (Bewley and Black, 1994). o-Amylase degrades large starch granules by

breaking the oc-1, 4 glucosidic bonds and water molecules are released that exist between
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the glucose molecules. Water molecules can be evaporated after breaking down the starch

molecules and thus seed can be dehydrated. Therefore, it may result in lower thousand

kemel weight in the sprouted grains.

Identifying the influence of grain seed-coat colour in PHS resistance would be useful

information, especially for breeders working in PHS resistant hard white spring wheat

breeding. Results indicate that among genotypes with high levels of PHS resistance, lines

with red seed-coat colour generally had better PHS resistance than lines with white seed-

coat colour. In our QTL study, the SI QTL (0.S1 crc-3D) on chromosome 3D was co-

localized with the grain colour gene R-D1 supporting a relationship between seed-coat

colour and PHS resistance. Because red genotypes generally had higher PHS resistance

than the white genotypes among lines with higher resistance, breeders should consider

transferring superior resistance from red genotypes to hard white spring wheat.

Furthermore, mapping QTL for seed-coat colour and association with PHS QTL have

been investigated using another spring wheat DH population (segregating for red and

white seed coat colour), and the coincidence of seed-coat colour QTLs with pHS eTLs

have been reported on chromosome 34, 3B and 3D (Fofana et a1.,2007). Fine mapping is

recommended to determine whether the degree of linkage between seed coat colour and

PHS QTLs.

The phenotyping results suggest that genetic variation for all three sprouting traits exists

in the DH lines of 'RL4452/AC Domain' population. A broad range of phenotypes from

low to high PHS response (nearly normal distribution) was observed in the DH lines of
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'F.L4452lAC Domain' population, and transgressive segregates were found with better

PHS tolerance than the resistant donor parent 'AC Domain'. Evaluation of DH lines

belonging to the group with higher PHS resistant than their donor parents could help to

identifz new spring wheat germplasm with improved levels of pHS resistance.

Six major loci associated with PHS traits were identified on chromosome groups 3,4 and

7 in our study. Alleles from both parents contributed resistance to pHS. The locus on

chromosome 4B explained the greatest phenotypic variation to PHS resistance. The ,AC

Domain' allele at this locus contributed PHS resistance relative to'RL4452' allele. eTLs

were found for all three sprouting traits and were coincident at the 4B locus. The second

highest contributing locus was on chromosom e 4A.l and resistance was contributed by

the'RL4452' allele relative to the'AC Domain'allele. The 44.1 locus was unique, and

could be introgressed to improve PHS resistant level of spring wheat cultivars. The 4B

locus contributed a large proportion of the total phenotypic variation suggesting that it

might be a single gene controlljng PHS resistant. Further studies could investigate

whether this QTL could be mapped as a Mendelian trait. Other studies also reported a

major PHS QTL on chromosome 4B (Kato et al., 200I; Mori et a1.,2005). Loci found on

chromosomes 3D and 7D were only associated with the SI trait, and resistance was

contributed by 'RL4452' alleles. The 3D and, 7D loci may be associated with genes

involved in later stage of the sprouting process.

From the study of combined effects of all six QTLs, we found that the allelic combination

of 'AC Domain' alleles at gwm494 and wmc349, and,'F.L4452' allele af wmc4| were the
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most important in maintaining a high level of PHS resistance. In addition, a combination

of three other alleles: 'AC Domain'allele at gwm264, and'RL4452' alleles at gwmlgl

and gwm482, was important to achieve lines with the high levels of resistance.

Furthermore, microsatellite markers wntc349 on 48, wmc48 on 44. l, gwm494 on 4A.2

and wmc254 on 3A mapped close to the LOD peaks of our detected loci. These markers

may be useful to detect loci associated with PHS. However, it is difficult to predict

whether the QTLs detected in one population can be successfully used for selecting

specific loci in other breeding populations. Validation of these loci in other populations

would be required for application of MAS. If validated, it may be possible to combine the

six desirable QTL alleles for PHS resistance. Once this validation is completed, breeders

may be able to use QTL markers to pyramid desirable alleles into a new cultivar in order

to improve PHS resistance in spring wheat. Further studies are recommended to identify

markers which are closer to the PHS resistant genes. Fine mapping is feasible because

more SSR markers are now available in the chromosomal regions of interest (Somers et

aL.,2004).

In the world collection there is likely other PHS resistant germplasm available sources

which were not included in this study. Future studies should be conducted to seek out

new sources of PHS resistant germplasm as there may be some resistant germplasm

available in other sources such as CIMMYT, European, Middle Eastern and Asian. A

unif,red index might be developed in future to combine all aspects of sprouting damage in

the intact spike, threshed grain and milled flour.
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7.0 APPENDICES

Appendix 7.1 Type 3 Analysis of Variance for three pre-harvest sprouting traits
evaluated over three environments in Manitoba, Canada (Glenlea 2003, Glenlea 2005
and Winnipeg 2005) for 30 spring wheat genotypes.

Source DF Error SS

DF
MS F Pr>F

Valuef
Følling number
Environment
Rep (Environment)
Intra block fRep(Environment)]
Genotype
Genotype*Environment
Error
Germination index
Environment
Rep (Environment)
Intra block fRep(Environment)]
Genotype
Genotype*Environment
Error
Sprouting index
Environment
Rep (Environment)
Intra block [Rep(Environment)] 38

21544 3.86 0.0406
2395.3 0.99 0.4509
2260 1.15 0.2916
27323 5.97 <.0001

466t.7 2.37 0.0003
1966.3

2.722 434.73 <.0001

0.002 2.26 0.1006
0.001 1.04 0.4241
0.032 1.5r <.0001

0.004 4.47 <.0001

0.001

253.68 33.49 <.0001

4.21 4.t4 0.0119
0.94 1.15 0.2866
17.53 4.68 <.0001

3.83 4.68 <.0001
0.82

2
5

37
29
50
80

2
5

38
29
53

96

2

5

17.8t
17.4r

80
51.43

80

26.6r
15.29

96
53.82

96

16.22
17.23

95
53.7r

95

43088
11976
8361 8

792367
233083
r57302

5.443
0.0r2
0.039
0.934
0.234
0.095

507.37
2t.02
35.89
508.22
203.t5
77.88

Genotype
Genotype*Environment
Error

29
53

95
+t value was calculated usurg dllterent eÛor term tn the lype 3 analysis oI PROC MIXED
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Appendix 7.2 Type 3 Analysis of Variance for three pre-harvest sprouting traits
evaluated over two environments in Christchurch, New Zealand (Lincoln 2003
and Lincoln2004) for 30 spring wheat genotypes.

DF Error SS

DF
F Pr>F

Valuef
MS

Falling number
Environment
Rep (Environment)
Genotype
Genotype*Environment
Error
Germinøtion index
Environment
Rep (Environment)
Genotype
Genotype*Environment
Error
Sprouting index
Environment
Rep (Environment)
Genotype
Genotype*Environment 22
Error 46

15.46 57300 57300
46 t4tI.2 705.6
22 842177 35091
46 61806 2809.4
- 22104 480.5

6.92 0 0

4600
22 3.666 0. l s3
46 0.291 0.013
- 0.272 0.006

0.42 11.10 11.10
46 12.80 6.40
22 2288.01 95.33
46 IT9.2I 5.42
- 409.8s 8.91

18.94 0.000s
1.47 0.2409
12.49 <.0001

t 
_tt 

<.0001

0.02 0.8820
0.03 0.9716
I 1.53 <.0001

,?o 0.0r0s

3.68 0.4954
0.72 0.4929
t7.59 <.0001

0.61 0.8960

1

2

24
22
46

1

2

24
22
46

I
2

24

+1. varue was calculated ustng dlfierenf enor ternt tn the lype J analysls ot PROC MIXEI)



r32

Appendix 7.3 Mean falling number for 30 spring wheat genotypes evaluated over three
environments in Manitoba, Canada and two environments in Christchurch, New Zea\and.

Gienle@
Genotype 2005 2005 2003 2004 2003
Susceptible-lïthite
Sunstate
Janz
AC Karma
ES34
Kotuku
Susceptible-Red
Roblin
Otane
F.L4452l
Tolersnt-White
QT747s
SLIN325K
Kanata
Snowbird
1632.1

CFRS-12
7445.04
PN96-27
AC2OOOT

Snowhite4T5T
Snowhite4T6Í
Tolerønt-Red
Grandin
ThatcherT
Resistant-14/híte
AUS14O8
Kenya32l
white RI-4137
sc802i-v2
sc8019-R1
Resistant-Red
AC Domain
AC Majestic
Red RL4137
Monad

179 62
90 62
216 62
83 63
76 62

66
79
249
62
62

79
65
66

8l
122
160
215
62
64
95
87

9l
109

t39

tt2
175

196
176
181

240
302

254
275
340
203

79
81

312
65
60

6;
61

201
127
184

85

17r

99

248
197
2t9
t94
197

17r
273
208
233

67

r02
110
JJI

176
228
58
t7r
191

t74

62
62

73

t70
62

62
69
181

159
r39
111

75
158

62

113

86
175
363
223

4t6
401
349
258

53

62

284
307
212
184

34

64

62

62
62

62
62
98
108

83

62
62

172
r22

50
53

72

165

,:u

278 63
168 69
288 90
t44 169
268

¡g¡ (o=0.0s) 
90

378
307
303
153

56
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Appendix 7.3 Cont'd
Overall Mean
Standard deviation
Minimum
Maximum

141
82

62
340 3t2

191

88

58
378

107
79
62
307

158

i15
62
4t6

151

l7
50

lcenotypes evaluated rn filenlea 2005 and Wlnnlpeg 200) only



Appendix 7.4 Mean germination
three environments in Manitoba,
Zealand.
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index for 30 spring wheat genotypes evaluated over
Canada and two environments in Christchurch, New

Manitoba Canada C hristchurclt, New Z ealøn d

Genotype
Glenlea

200s
Lincoln

2004
Lincoln

2003
V/innipeg Glenlea

200s 2003
Susceptible-White
Sunstate
Janz
AC Karma
ES34
Kotuku
Susceptible-Red
Roblin
Otane
F{L44521

Tolerant-lYhite
QT747s
SLIN325K
Kanata
Snowbird
1632.1

CFRS-12
1445.04
PN96-27
AC2OOOT

Snowhite4T5T
Snowhite4T6t
Tolerønt-Red
Grandin
Thatcherf
Resistant-LYhite
AUSI4OS
Kenya32I
White RL4137
sc8021-v2
sc8019-R1
Resistant-Red
AC Domain
AC Majestic
Red RL4137
Monad

¡gp (a=0.0s)

0.97
0.99
0.92
1.00

0.99

0.96
0.98
0.99

0.99
0.92
0.92
0.96
0.97
1.00

0.98
0.98
0.96
0.99
0.97

0.99
0.93

0.90
0.96
0.96
0.90
0.91

0.93
0.85
0.84
0.89

0.04

0.93
0.96
0.89
0.98
0.91

0.98
0.97
0.97

0.93
0.83
0.88
0.83
0.96
0.96
0.95
0.93
0.94
0.96
0.92

0.97
0.91

0.87
0.91
0.90
0.84
0.83

0.90
0.68
0.70
0.86

0.05

0.55
0.70
0.62
0.70
0.64

0.63
0.67

0.58
0.58
0.46
0.56
0.50
0.64
0.60
0.55

o:'

0.48
0.63
0.41
0.48
0.48

0.34
0.24
0.32
0.43

0.09

0.65
0.68
0.38
0.56
0.47

0.60
0.49

0.39
0.29
0.27
0.23
0.2r

0.22
o?,

0.71

0.13
0.s4
0.21
0.r2

0.01
0.04
0.00
0.04

0.18

0.72
0.56
0.46
0.43
0.65

0.36
0.52

0.45
0.21
0.31
0.34
0.3 8

0.4r
0.39
0.31

0.51

0.19
0.39
0.19
0.14
0.44

0.02
0.03
0.00
0.r2

0.13
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Appendix 7.4 Cont'd
Overall Mean 0.95
Standard deviation 0.04

0.84
1.00

0.90
0.07
0.68
0.98

0.54
0.12
0.24
0.70

0.33
0.22
0.00
0.7r

0.34
0.19
0.00
0.72

Minimum
Maximum
Tuenorypes evaluareo m ulenlea ¿uu) ano wlnnrpeg luu) only.
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Appendix 7.5 Mean sprouting index for 30 spring wheat genotypes evaluated over three
environments in Manitoba, Canada and two environments in Christchurch, New Zealand.

Msnitoba, Canada Christch urclt, New Zeulsn d

Genotype
Glenlea

2005
Lincoln

2004
Lincoln

2003
Winnipeg Glenlea

2005 2003
Susceptible-llhite
Sunstate
Ianz
AC Karma
ES34
Kotuku
Susceptible-Red
Roblin
Otane
FtL4452r
Tolersnt-White
QT747s
SUN325K
Kanata
Snowbird
1632.1

CFRS-12
r445.04
PN96-27
AC2000r
Snowhite4T5t
Snowhite4T6T
Tolerant-Red
Grandin
Thatcherl
Resistant-úVhite
AUS14O8
Kenya32l
white RL4I37
sc8021-v2
sc8019-Rl
Resistunt-Red
AC Domain
AC Majestic
Red RL4137
Monad

¡g¡ (o=0.0s)

7.6
t.J
5.9
8.5

8.2

6.8
7.7
8.8

6.9
4.2
5.3
4.7
7.2
8.9
4.9
6.4
t.5
6.4
7.2

4.6
3.4

3.1

6.7
5.3
5.0
4.6

4.9
3.1

r.2
3.5

1.5

3.5

3.2
r.2
7.0
4.0

5.i
4.0
4.9

2.6
1.6

1.8

1.5

5.3
4.9
1.5

2.2
3.6
4.4
1.8

2.6
1.0

1.8

2.9
2.4
r.6
1.5

1.5

1.0
1.1

1.6

1.8

7.2
9.0
8.5
8.9
8.1

t9.4
13.5

1.8
4.9
9.0

9.3
to- t

7.5
3.8
0.9
0.5
t.4

6.r
4.4

6._7

3.2
1.5

2.1

0.3

0.0
0.0
0.0
0.0

4.4

16.6
I 1.8

9.1

2.9
15.7

7.2
15.6

8.2
6.9
2.1

2.4
3.4
4.7
8.6
2._0

9.2

3.1

2.7
1.4

0.0
2.8

0.0
0.1

0.1

0.4

7.2

5.9
8.1

8.9
8.7
1.5

4.6
5.8

9.0
8.0
6.4

6._9

2.0
3.5
2.2
7.8
3.5

2.6
2.r
2.0
8.9

t.2
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dix 7.5 Cont'd
Overall Mean 5.9 2.8 6.0
Standard deviation 1.9
Minimum 1.2
Maximum 8.9 7.0 9.0 t9.4 16.6

1.6 2.8
1.0 1.5

4.9
5.0
2.7

5.5

5.2
0.0
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Appendix 7.6 Monthly precipitation and air temperature during growing
season at the Winnipeg sitei in2004,2005 and 30 year normalv (197I-2000).

SepMay June July Aug Oct

Precipitøtion (mm)
2004
2005
30 year normal
Temperatur" (C¡
Daily minimum
2004
2005
30 year normal
Daily maximum
2004
2005
30 year normal
Daily average

t43.5
71

58.8

3.1

5.8
4.8

t3.9
16.5

19.2

8.5
tl.2
t2

56.7
181.9
89.s

9.9
13.9

t0.7

20.8
22.7
23.3

t5.4
18.3
t7

62.2
205.5
10.6

13.9
15.6

13.3

25.0
26.3
25.8

19.5
2t.1
19.5

146.8

23.5
l5.r

10.1

13.5
1 1.9

20.3
24.2
25

113.3

49
52.3

9.9
9.4
6

20.4
21.5
18.6

15.1

15.1

t2.3

56.r
39.r
36

2.r
2.7
-0.3

tr.2
t2.5
10.8

6.5
7.4
5.3

2004
2005

15.3
18.8
18.530 year normal

http ://home.cc.unran itoba.cal%TEadam/nointJrtml/indcx.htm

Y30 year normal (1971-2000) climate data provided by Environment Canada. Available at:

http://www.climate.weatheroffice.ec.ec.calclimate nor¡nals/stnselect e.httnl


